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 Abstract 
Free-Convection Condensation on Pin-Fin Tubes 
New experimental data are reported for free-convection condensation of ethylene 
glycol and R-113 on three-dimensional pin-fin tubes. Effects of pin geometry and tube 
thermal conductivity (for copper, brass and bronze giving a mean range of 400, 120 and       
80 W/m K over the range of temperature of interest) were investigated. All tests were 
performed at near atmospheric pressure with downward flowing vapour at low velocity. 
Heat-transfer enhancement was found to be approximately twice the corresponding 
active surface area of the tubes, i.e. the surface area of the parts of the tube and pin 
surface not covered by condensate retained by surface tension. For ethylene glycol, the 
best performing pin-fin tube gave a heat-transfer enhancement of 5.8, about 24 % 
higher than the ‘equivalent’ two-dimensional integral-fin tube (i.e. with the same fin-
root diameter, longitudinal fin spacing and thickness and fin height). For R-113, the 
best enhancement was 5.9, about 10 % higher than the equivalent integral-fin tube. 
For both fluids tested, vapour-side, heat-transfer enhancement was found to increase 
with decreasing circumferential pin spacing and increasing pin height. Circumferential 
pin thickness had little effect on heat-transfer enhancement. Effects of tube thermal 
conductivity were found to be more significant for ethylene glycol than R-113.  
Retention angle measurements were made under static conditions (without 
condensation) and were found to be larger than for equivalent integral-fin tubes. An 
expression for condensate retention angle on pin-fin tubes was proposed and found to 
agree with the measured retention angles to ±15%. 
A semi-empirical model for condensation heat transfer on horizontal pin-fin tubes has 
been developed which accounts for the combined effect of gravity and surface tension. 
The model predicts the majority of available data to ±20 %. 
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Nomenclature 
A  constant in Eqn. (2.27) 
ܣ஽  constant in Eqn. (7.2) 
ܣௗ  outside surface area of a smooth tube with outside diameter d 
ܣ௙  surface area of fin flank 
ܣ௙௟௔௡௞ ଵ  area of pin flank 1 
ܣ௙௟௔௡௞ ଶ  area of pin flank 2 
ܣ௜  inside area of test-tube 
ܣ௅  constant in Eqn. (7.1) 
ܣ௢  outside area of test-tube based on plain tube diameter d 
ܣ௢  original area over one fin pitch given by Eqn. (2.45) 
ܣ௥  surface area of inter-fin spacing  
ܣ௥௢௢௧ ଵ  area of root 1 
ܣ௥௢௢௧ ଶ  area of root 2 
ܣ௧௜௣  area of pin tip 
ܣ௧௦  test-section cross-sectional area 
෤ܽ  constant in Eqn. (5.18) 
B  constant in Eqn. (2.27) and Eqn. (7.1) 
ܤ௙  empirical constant in Eqn. (2.33) 
ܤ௙௟௔௡௞ ଵ  empirical constant for pin flank 1 
ܤ௙௟௔௡௞ ଶ  empirical constant for pin flank 2 
ܤ௟  empirical lead constant in Eqn. (2.37) 
ܤ௥௢௢௧ ଵ  empirical constant for root 1 
ܤ௥௢௢௧ ଶ  empirical constant for root 2 
ܤ௦  empirical constant in Eqn. (2.34) 
ܤ௧  empirical constant in Eqn. (2.32) 
ܤ௧௜௣  empirical constant for pin tip 
ܾ  fin spacing at fin tip or longitudinal pin spacing at pin tip 
෨ܾ  constant in Eqn. (5.19) 
ܥ  constant in Eqn. (4.2) 
ܥ௟௢௦௦  constant in Eqn. (5.14) 
11 
 
ܿ   constant in Eqn. (2.16) 
ܿ௣  specific heat capacity of test fluid 
ܿ௣௖   specific heat capacity of coolant  
݀  outside diameter of plain tube or fin or pin root diameter of  finned or 
pinned tube 
݀௜  inside diameter of tube 
݀௢  fin or pin tip diameter of fin or pin tube 
݀௧௖    diameter of tube at thermocouple 
ܧ  thermo-emf reading from thermocouple 
ܧ௜௡   thermo-emf reading from coolant inlet thermocouple  
ܧ௠  thermo-emf equivalent to coolant temperature at midpoint of tube 
e   fin height of convex profile 
ܨఙ  surface tension force of condensate 
௙݂  blanked proportion of the fin flank  for unflooded part of the fin tube 
௦݂  blanked proportion of the inter-fin space for unflooded part of the fin 
tube 
௫݂  normalized component of gravity (i.e. in horizontal plane) 
݃  specific force of gravity 
ܪଵ 
ܪଶ  height of water and test fluid columns in manometer 
ܪଷ 
݆   number of pins in unflooded region  
݄  fin or pin height 
݄௙௚  specific enthalpy of vaporization 
݄௩  mean vertical fin or pin height 
k   thermal conductivity of condensate 
݇௪  thermal conductivity of tube wall 
L   length of flat plate 
ܮ௙  mean vertical fin height over diameter do defined by Beatty and Katz 
   (1948) 
l        tube length 
݉  ට൫2ߙ௙௟௔௡௞/݇௪ݐ൯  
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ሶ݉   mass flow rate of condensate 
ሶ݉ ௩  vapour mass flow rate 
ܰݑ௖  coolant-side Nusselt Number, ߙ௖݀௜ ݇௖⁄  
ܰݑௗ  average Nusselt number by Honda and Nozu (1987) model, defined  by  
   Eqn. (2.26) 
ܰݑௗ௙  Nusselt number for flooded region, Honda and Nozu (1987) 
ܰݑௗ௨  Nusselt number for unflooded region, Honda and Nozu (1987) 
ܰݑ௉    vapour-side Nusselt number for a vertical plate 
ܰݑ்    vapour-side Nusselt number for a horizontal tube 
݊  total number of pins per circumference 
݊  constant in Eqn. (6.1) 
P  pressure 
௔ܲ௧௠  atmospheric pressure 
௕ܲ  barometer pressure reading 
௙ܲ௟௔௡௞ ଵ  perimeter of pin flank 1 
௙ܲ௟௔௡௞ ଶ  perimeter of pin flank 2 
௥ܲ௢௢௧ ଵ  perimeter of root 1 
௥ܲ௢௢௧ ଶ  perimeter of root 2 
௧ܲ௖  temperature correction to barometer reading 
௧ܲ௜௣  perimeter of pin tip 
௧ܲ௦  test-section pressure 
ܲݎ௖  coolant Prandtl Number, ߤ௖ܿ௣௖ ݇௖⁄  
݌  fin pitch  
ܳ     total heat-transfer rate through the test tube 
ܳ஻   total power input to the boiler 
ܳ௙௟௔௡௞ ଵ  heat-transfer rate through all pin flanks 1 
ܳ௙௟௔௡௞ ଵ,௜ heat-transfer rate to pin flank 1 for pin i defined by Eqn. (7.11) 
ܳ௙௟௔௡௞ ଶ  heat-transfer rate through all pin flanks 2 
ܳ௙௟௔௡௞ ଶ,௜ heat-transfer rate to pin flank 2 for pin i defined by Eqn. (7.18) 
ܳ௟௢௦௦   heat loss from apparatus between boiler and test-section 
ܳ௣௟௔௜௡  heat-transfer rate through a plain tube 
ܳ௥௢௢௧ ଵ  heat-transfer rate through root 1 
13 
 
ܳ௥௢௢௧ ଶ  heat-transfer rate through root 1 
ܳ௥௢௢௧ ଶ,௜  heat-transfer rate to pin root 2 for a pin i defined by Eqn. (7.25) 
ܳ௧௜௣  heat-transfer rate through all pin tips  
ܳ௧௜௣,௜  heat-transfer rate through pin tip i defined by Eqn. (7.7) 
ݍ  heat flux on outside of test tube 
ݍௗ  heat flux on outside of a horizontal tube defined by Eqn. (7.2) 
ݍ௙௟௔௡௞  heat flux to fin flank in unflooded part of tube 
ݍ௙௟௔௡௞ ଵ,௜ heat flux to flank 1 for pin i defined by Eqn. (7.9) 
ݍ௙௟௔௡௞ ଶ,௜ heat flux to flank 2 for pin i defined by Eqn. (7.14) 
ݍ௜   heat flux on the inside of the test tube 
ݍ௜௡௧  heat flux to inter-fin spacing in unflooded part of tube 
ݍ௅  heat flux on a plate defined by Eqn. (7.1) 
ݍ௣௟௔௜௡  heat flux through plain or smooth tube 
ݍ௥௢௢௧ ଵ  heat flux through root 1 defined by Eqn. (7.20) 
ݍ௥௢௢௧ ଶ,௜  heat flux  to pin root 2 for a pin i defined by Eqn. (7.23) 
ݍ௧௜௣  heat flux to fin tip 
ݍ௧௜௣,௜  heat flux to pin tip i defined by Eqn. (7.4) 
ݍ௧௜௣,௙௟௢௢ௗ heat flux to fin tip in flooded part of tube 
ܴ݁  condensate Reynolds Number 
ܴ݁௖  coolant Reynolds Number, ߩ௖ݑ௖݀௜ ߤ௖⁄  
ܴ௜     Resistance of heater i 
ܴ௢  fin or pin tip radius 
ܴ௥  fin or pin root radius 
r   radius of curvature of the vapour-liquid interface 
ݎ௕  radius of curvature of the vapour-liquid interface at fin bottom 
ݎ௧  radius of curvature of the vapour-liquid interface at fin tip 
S   distance along the vapour-liquid interface measured from the fin tip 
Sm  total fin arc length 
ሖܵ    distance along the fin surface measured from the fin tip 
ݏ   fin spacing at fin root or longitudinal pin spacing at pin root 
ݏ௖  circumferential pin spacing 
ܶ  absolute temperature 
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௔ܶ  ambient temperature 
௕ܶ  barometer temperature 
௖ܶ௜௡  temperature of coolant at test tube inlet 
௖ܶ௢௨௧  temperature of coolant at test tube outlet 
௥ܶ  temperature of condensate returning to the boiler 
௥ܶ௘௙  condensate reference temperature defined by Eqn. (6.4) 
௦ܶ௔௧  vapour saturation temperature  
௩ܶ  vapour temperature 
෨ܶ௪௙  dimensionless average wall temperatures at fin root in flooded region 
௪ܶ௢  outside wall temperature of tube  
௪ܶ೟೎  temperature measured by thermocouple inside tube wall 
෨ܶ௪௨ dimensionless average  wall   temperatures  at  fin    root  in  unflooded    
region 
ݐ   fin tip thickness or longitudinal pin tip thickness 
ݐ௕  fin base thickness or longitudinal pin base thickness 
ݐ௖  circumferential pin thickness 
ݐ௖ሺMeanሻ mean circumferential pin thickness taken as ሼݐ௖ሺRootሻ ൅ ݐ௖ሺTipሻሽ/2 
ݐ௖ሺRootሻ circumferential pin thickness at pin root 
ݐ௖ሺTipሻ  circumferential pin thickness at pin tip 
ܷ௢   overall heat transfer coefficient, based on outside area of test-tube 
ܷ௩    vapour velocity at test-section 
V  volume of condensate 
௖ܸ     coolant volume flow rate 
௜ܸ     voltage drop across heater i  
ܹ݁  Weber Number 
ܹ݁௖ Weber Number for circumferential face of the pin defined by          
Eqn. (2.44b) 
ܹ݁௟  Weber Number for longitudinal face of the pin defined by Eqn. (2.44a) 
X  constant in Eqn. (6.1) 
x   distance along the vapour-liquid interface measured from the fin tip 
xb coordinate in Honda and Nozu 1987 model,  separate  thin   and   thick 
region 
ݔ஽  linear dimension of tube diameter 
15 
 
ݔ௚   characteristic length for gravity driven flow in Rose (1994) model 
ݔ௅   linear dimension of plate length 
ݔఙ  characteristic length  for  surface  tension  driven  flow  in Rose (1994)     
model 
ܻ  function of geometric parameters defined by Eqn. (2.45) 
Greek Letters 
ߙ  mean vapour-side, heat-transfer coefficient, ݍ/∆ܶ 
ߙ௖  coolant-side heat-transfer coefficient 
ߚ  angle defined by Eqn. (7.17) 
ߚ௠  maximum arc angle 
∆ܧ  thermo-emf reading of 10-junction thermopile during condensation 
∆ܧ௙  thermo-emf reading for frictional dissipation 
∆ܶ  temperature difference across the condensate film 
∆ ௖ܶ  coolant temperature rise due to condensation 
∆Tmax    maximum vapour-side, temperature difference 
∆Tmean     mean vapour-side, temperature difference taken as (∆Tmin൅∆Tmaxሻ/2 
∆Tmin    minimum vapour-side, temperature difference  
ߜ  condensate film thickness 
ߝ∆்  vapour-side, heat-transfer enhancement ratio, heat flux for   finned or 
pinned tube based on fin or pin root diameter  divided by heat flux for 
smooth tube with   same   fin/pin root   diameter, at   same    vapour-
side,   temperature difference 
ߞ   fin or flute shape parameter used in Adamek (1981) expression 
ߟ௙  fin efficiency for flooded region 
ߟ௨  fin efficiency for unflooded region 
ߤ    dynamic viscosity of condensate 
ߤ௖  dynamic viscosity of coolant 
ߤ௪  dynamic viscosity of coolant evaluated at inside wall temperature 
ߦ   active area enhancement ratio for fin or pin tube 
ߦሺ׎ሻ  function given by Eqn. (2.31) 
ߩ  density of condensate 
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ߩ௖    density of coolant  
ߩ௧௙  density of test fluid 
ߩ௩  density of vapour 
ߩ௪௔௧௘௥  density of water 
ߩ෤  ߩ െ ߩ௩ 
ߪ    surface tension 
ߠ  fin or pin tip half angle 
׎  angle measured from the top of a fin or pin tube 
׎௙  condensate flooding or retention angle measured from the top of a fin 
or pin tube 
Subscripts 
BK theoretical, using model of Beatty and Katz (1948) 
calc calculated 
exp experimental 
flood pertaining to flooded region 
HN theoretical, using model of Honda and Nozu (1987) 
int pertaining to inter-fin space  
rel pertaining to relative residuals 
Std pertaining to standard deviation 
th theoretical 
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Chapter 1 
Introduction 
Condensers are a major component in many engineering applications such as power, 
process, air conditioning and refrigeration plants. The aim to reduce the higher capital 
and running cost with a focus to produce compact and efficient condensers demands 
continuous research in the area of condensation heat-transfer. In general, condensation 
of vapour on solid surfaces can be categorized as either dropwise or filmwise modes. 
Dropwise condensation, which has much higher heat-transfer capabilities than filmwise 
condensation, requires “non-wetted” surfaces and is hard to maintain under industrial 
conditions. Filmwise condensation occurs on “wetted” surfaces and is the normal mode 
used in practical condensers.  
A large experimental data base is now available for filmwise condensation on simple 
two-dimensional integral-fin tubes. Researchers have successfully reported the 
optimum fin geometries i.e. fin spacing, fin height, fin density and fin shape for a wide 
range of fluids. The effect of tube thermal conductivity has also been investigated 
extensively. Many successful theoretical investigations have also been reported. 
Reliable and simple heat-transfer models for integral-fin tubes (i.e. Rose (1994) and 
Briggs and Rose (1994)) accounting for the combined effects of surface tension and 
gravity on heat-transfer have been developed and are readily applicable by design 
engineers. 
Relatively less experimental work is reported for condensation heat-transfer on three-
dimensional pin-fin tubes. What is available however, (see Sukathme et al. (1990), 
Kumar et al. (1998,2002)) has shown the superior performance of such tubes over 
equivalent integral-fin tubes. Systematic research on three-dimensional pin-fin tubes 
was initiated by Briggs (2003) and heat-transfer enhancements for pin-fin tubes have 
been reported on a par to the optimum integral-fin tubes for R-113 and steam (see 
Briggs (2003), Baiser and Briggs (2009)). It is evident that pin-fin tubes could produce 
worthwhile enhancements over and above those of simple integral-fin tubes if more 
was known about the mechanisms of enhancement on these tubes.    
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The aim of the present project is to add to the experimental data base for condensation 
of quiescent vapour on horizontal pin-fin tubes and to compare the performance of such 
enhanced tubes with equivalent integral-fin tubes by systematically varying the 
geometric parameters and tube thermal conductivity. Semi-empirical equations will 
then be developed for condensate retention and heat-transfer enhancement on 
horizontal pin-fin tubes.  
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Chapter 2 
Literature Review 
2.1 Introduction 
The phenomenon of condensation heat-transfer has been researched for over a century 
now. In the beginning, the primary focus to increase heat-transfer was kept limited to 
the increase in surface area. Later, it was revealed that surface tension forces play a 
vital role in thinning the condensate layer which in turn increases heat-transfer. The 
mechanism of condensation heat-transfer on two-dimensional integral-fin tubes is now 
well understood. Researchers have successfully identified the optimum geometries, fin 
shapes, dimensions and materials for integral-fin tubes for a wide range of condensing 
fluids. A number of theoretical models, for instance Briggs and Rose (1994), have 
successfully combined the effect of surface tension and gravity to explain condensation 
heat-transfer on integral-fin tubes. Relatively fewer investigations have been carried out 
for condensation on three-dimensionally enhanced tubes. 
In the following literature review, an attempt has been made to present the recent state 
of knowledge of free-convection condensation heat-transfer on geometrically enhanced 
tubes. This survey is divided into three sections. The first section concentrates on 
research on condensate flooding or retention. The second and the third sections cover 
the experimental and the theoretical work on geometrically enhanced tubes 
respectively. 
2.2 Free-Convection Condensation on Horizontal Smooth Tubes 
The first investigator to propose a theoretical model of condensation heat-transfer on 
vertical plates and horizontal tubes was Nusselt (1916). By considering laminar flow 
and constant properties for the condensate film, uniform temperature on vapour side (no 
temperature gradient in the vapour), and neglecting inertia, convection in the 
condensate film (i.e. heat-transfer across the condensate film occurs only by 
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conduction) and shear stress at the condensate surface, the following results were 
obtained, 
For a vertical plate, 
 
ܰݑ௉ ൌ 0.943 ቈ
ߩሺߩ െ ߩ௩ሻ݄݃௙௚ܮଷ
ߤ݇∆ܶ
቉
ଵ ସ⁄
 
 
and for a horizontal tube, 
 
ܰݑ் ൌ 0.728 ቈ
ߩሺߩ െ ߩ௩ሻ݄݃௙௚݀ଷ
ߤ݇∆ܶ
቉
ଵ ସ⁄
 
Many theoretical investigations have since been carried out including factors neglected 
by Nusselt (1916) such as convection in condensate, shear stress and inertia (for 
instance: Sparrow and Gregg (1959), Koh et al. (1961) and Chen (1961)). The inclusion 
of these parameters made little practical difference to the results of Nusselt (1916). 
Rose (1988) reports a comprehensive literature review of theoretical studies of laminar 
film condensation on smooth tubes. 
2.3 Free-Convection Condensation on Horizontal Enhanced Tubes 
2.3.1 Condensate Retention or Flooding  
It is well understood that heat-transfer rate is strongly influenced by available area. For 
that reason a long time ago smooth tubes were replaced by horizontal integral-fin tubes. 
No doubt, the addition of the fins provides an increase in area that ultimately leads to an 
enhancement in heat-transfer, but a significant amount of condensate is retained on the 
tube due to capillary forces. This phenomenon of trapped liquid between fins is known 
as ‘condensate retention or flooding’ and is illustrated in Figure 2.1. This condensate 
offers a great resistance to heat transfer. A flooding angle, ׎௙  , has been defined to 
indicate the point from the top of tube, where the condensate flooding completely fills 
(2.1) 
(2.2)
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the inter-fin spacing up to the tip of the fin. This problem of condensate retention was 
first experimentally investigated by Katz et al. (1946). 
Rudy and Webb (1981, 1985) reported experimental investigations of condensate 
retention on three integral-fin tubes and a spine-fin tube with fin densities in a range of 
748 to 1378 fins per meter using n-pentane, R-11 and water under static (without 
condensation) and dynamic (with condensation) conditions. For all the fluids, they 
found an increase in condensate retention with increasing fin density and surface 
tension to density ratio. They also found no significant differences in condensate 
retention under static and dynamic conditions. 
Honda et al. (1983) presented a comprehensive experimental and theoretical analysis of 
condensate flooding using R-113 and methanol on three horizontal integral-fin tubes 
and a saw-toothed tube with and without “drainage strips”. A significant decrease in 
condensate retention was reported when the same tubes were used with drainage strips. 
One of the integral-fin tubes was tested under both static and dynamic conditions and 
no significant change in condensate retention was observed which was in line with the 
findings of Rudy and Webb (1981).  
Honda et al. (1983) made the following assumptions for their theoretical analysis of the 
static meniscus between trapezoidal fins; the geometry of a trapezoidal fin tube is 
shown in Figure 2.2, 
1. The meniscus is just in contact with the fin tip. 
2. The radius of curvature of the condensate interface is much smaller in the   
longitudinal direction than in the circumferential direction. 
3. The fin height (h) and the fin tip spacing (b) is sufficiently smaller than the fin 
tip radius (Ro). 
4. The radius of curvature at the tube bottom is infinite in the longitudinal 
direction. 
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Using above assumptions, the following expression was produced for retention 
angle,׎௙, measured from the top of the tube, 
 
׎௙ ൌ   cosିଵ ൤൬
2ߪ  cos ߠ
ߩܾܴ݃௢
൰ െ 1൨ 
where, 
݄  ൐   ሺݏ 2⁄ ሻ cos ߠ 
Honda et al. (1983) compared their own experimental data, experimental data of Katz et 
al. (1946) and experimental data of Rudy and Webb (1981) with the Equation (2.3). 
Good agreement was found between experiment and theory as shown in Figure 2.3. 
Later, Owen et al. (1983) and Rudy and Webb (1985) obtained the same Equation (2.3) 
of condensate retention angle for integral-fin tubes. 
Yau et al. (1986) reported experimental data for condensate retention angle using fluids 
steam, ethylene glycol and R-113. Thirteen tubes with rectangular integral-fins were 
tested with a fin height of 1 mm, thickness of 0.5 mm, and variable fin spacing. For 
tubes with ݄ ൐ ݏ/2, measured retention angles showed good agreement with Equation 
(2.3) as shown in Figure 2.4. Two tubes with fin spacing of 1.5 mm and 2 mm were 
also tested with copper drainage strips, a significant increase in retention angle was 
noted. Following empirical expression was determined for retention angle of tubes with 
drainage strips, 
 
׎௙ ൌ cosିଵ ൬
0.83ߪ
ߩܾܴ݃௢
െ 1൰ 
Figure 2.4 also shows a good agreement of experimental data with the Equation (2.5). 
A provisional equation for trapezoidal integral-fin tubes with drainage strips was also 
suggested as, 
 
(2.5)
(2.3)
(2.4)
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׎௙ ൌ cosିଵ ൬
0.83ߪ cos ߠ
ߩܾܴ݃௢
െ 1൰ 
Masuda and Rose (1987) comprehensively analyzed the configuration of the liquid film 
retained by surface tension forces on horizontal low integral-fin tubes (݄  ا  ܴ௢). This 
study revealed that liquid is not only retained on the lower part of the tube (below the 
retention angle)  but also on the upper part of tube surface in the form of ‘wedges’ 
between fin flanks and tube surface in the inter-fin space. This phenomenon is 
illustrated in Figure 2.5.  Figure 2.5.b and 2.5.c describe the configuration of liquid 
around the tube for narrow spaced ሺ݄  ൐   ሺݏ 2⁄ ሻ cos ߠሻ and wide spaced ሺ݄  ൏
 ሺݏ 2⁄ ሻ cos ߠሻ  integral-fin tubes respectively. Four ‘flooding’ conditions were identified 
for trapezoidal fins and the positions around the tube at which these occur were 
determined. 
1. For narrow spaced fins ( ݄  ൐   ሺݏ 2⁄ ሻ cos ߠ), where the interfin space is just 
filled by the meniscus but the fin flanks are not wholly wetted,               
(Figure 2.5.b.2). Retention angle, ׎௙, for this case is given as, 
 
cos׎௙ ൌ   ൬
2ߪ
ߩ݃ݏܴ௥
൰ ൤
cos ߠ
1 ൅ sin ߠ
൨ െ ൬
ܴ௢
ܴ௥
൰ 
2. For narrow spaced fins ( ݄  ൐   ሺݏ 2⁄ ሻ cos ߠ), where the whole flank is just 
wetted (contact angle at fin tip is zero) and for which the liquid film at the 
centre of the interfin space has finite thickness, (Figure 2.5.b.3). This is the 
condition for which Honda et al. (1983) derived flooding angle Equation (2.3). 
Retention angle, ׎௙  , for this case is given as, 
 
cos ׎௙ ൌ   ൬
2ߪ
ߩܾܴ݃௢
൰ cos ߠ െ 1 
3. For wide spaced fins ( ݄ ൏   ሺݏ 2⁄ ሻ cos ߠ), where the fin flanks are wholly 
wetted (contact angle at fin tip is zero) before the interfin space is flooded, 
(Figure 2.5.c.2). Retention angle, ׎௙  , for this case is given as, 
 (2.6)
   (2.7)
(2.8) 
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cos׎௙ ൌ   ൬
ߪ
ߩ݄ܴ݃௥
൰ ሺ1 െ sin ߠሻ െ ൬
ܴ௢
ܴ௥
൰ 
4. For wide spaced fins ( ݄ ൏   ሺݏ 2⁄ ሻ cos ߠ), where the whole of the interfin space 
is just flooded and the contact angle at fin tip is no longer zero,                
(Figure 2.5.c.3). Retention angle, ׎௙, for this case is given as, 
 
cos ׎௙ ൌ   ൬
8ߪ݄
ߩ݃ሺܾଶ ൅ 4݄ଶሻܴ௢
൰ െ 1 
Masuda and Rose (1987) also defined an ‘active area enhancement ratio’ for low 
rectangular integral-fin tubes (when ݄ ൐ ݏ 2⁄ ) as: “The unblanked area of a finned tube 
(i.e. area of fin tips plus area of unblanked part of fin flanks plus area of unblanked part 
of inter-fin tube surface) divided by the area of a smooth tube with radius equal to the 
fin root radius.” The following equation was derived for active area enhancement ratio, 
ξ, 
 
ߦ ൌ
ܴ௥ܾ׎௙ሺ1 െ ௦݂ሻ ൅ ൫ܴ௢
ଶ െ ܴ௥
ଶ൯׎௙൫1 െ ௙݂൯ ൅ ߨܴ௢ݐ
ߨܴ௥ሺܾ ൅ ݐሻ
 
Where ௦݂ and  ௙݂   are the blanked proportions of the interfin space and fin flanks for 
unflooded part of rectangular finned tube respectively, and are given by the following 
expressions, 
 
௦݂ ൌ ൬
2ߪ
ߩܾܴ݃௥
൰ ቊ
tan൫׎௙ 2⁄ ൯
׎௙
ቋ 
and 
 
௙݂ ൌ ൬
ߪ
ߩ݄ܴ݃௥
൰ ቊ
tan൫׎௙ 2⁄ ൯
׎௙
ቋ 
(2.9) 
(2.10) 
(2.11) 
(2.12)
(2.13) 
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Rose (1994) extended the work and proposed expressions for ௦݂ and  ௙݂   for trapezoidal 
finned tubes as, 
 
௦݂ ൌ ቊ
1 െ tanሺߠ 2⁄ ሻ
1 ൅ tanሺߠ 2⁄ ሻ
ቋ ൬
2ߪ
ߩܾܴ݃௥
൰ ቊ
tan൫׎௙ 2⁄ ൯
׎௙
ቋ 
and 
 
௙݂ ൌ ቊ
1 െ tanሺߠ 2⁄ ሻ
1 ൅ tanሺߠ 2⁄ ሻ
ቋ ൬
ߪ
ߩ݄ܴ݃௥
൰ ቊ
tan൫׎௙ 2⁄ ൯
׎௙
ቋ 
It was suggested by Masuda and Rose (1987) that manufacturing integral-fin tubes with 
filleted fin roots would replace the retained wedges of condensate with high 
conductivity metal, and hence increase the active area enhancement ratio resulting in 
more heat-transfer. Wen et al. (1994) experimentally investigated the effect of fillet fin 
roots on heat-transfer enhancement using steam, ethylene glycol and R-113 as 
condensing fluids on four integral-fin tubes. A significant enhancement was found for 
tubes with filleted roots over tubes without filleted roots.  
2.3.2 Experimental Studies into Condensation Heat-Transfer on Enhanced Tubes 
Table 2.1 summarizes the key facts and figures of experimental investigations carried 
out on enhanced tubes which are described in detail in the following sections. 
2.3.2.1 Tubes with Two Dimensional Fins 
Honda et al. (1983) presented heat-transfer measurements for condensation of R-113 
and methanol on three integral-fin tubes and a three-dimensional saw-toothed tube. The 
vapour-side, heat-transfer coefficient was found by direct measurements (12 to 16 
thermocouples were placed in each tube wall). The saw-toothed tube gave the best heat-
transfer enhancements (defined as heat-transfer coefficient for saw-toothed tube based 
on fin tip diameter divided by the heat-transfer coefficient for a smooth tube at the same 
(2.14)
(2.15) 
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vapour-side, temperature difference) for both fluids which was 9.0 and 6.1 for R-113 
and methanol respectively.   
Yau et al. (1985) reported an experimental study of dependence of heat-transfer on fin 
spacing for condensation of steam on horizontal integral-fin tubes. Thirteen tubes with 
rectangular fins having a thickness of 0.5 mm and a height of 1.6 mm were tested by 
systematically varying fin spacing from 0.5 mm to 20 mm. All tubes were having a fin 
root diameter of 12.7 mm. A plain tube with outer diameter equal to fin root diameter 
was also tested for comparison. All tests were performed at near-atmospheric pressure 
with vapour flowing vertically downward with velocities between 0.5 m/s and 1.1 m/s. 
The vapour-side, heat-transfer coefficients were found by subtracting the predetermined 
coolant-side and wall resistance from the overall thermal resistance. The observed heat-
transfer enhancement for integral-fin tubes significantly exceeded the increase in 
active-area. The maximum vapour-side heat-transfer enhancement was found to be 
around 3.6 for the tube with a fin spacing of 1.5 mm. Integral-fin tubes with spacing  
0.5 mm and 1.0 mm were found to be almost completely flooded by condensate. 
Yau et al. (1986) also used solid drainage strips with two integral-fin tubes of fin 
spacing of 1.5 mm and 2.0 mm, found that for steam the drainage strip significantly 
reduced the condensate flooding. The drainage strips were made of copper having a 
thickness of 0.5 mm and a height of 8 mm. The tubes with strips provided about 25 to 
30% additional heat-transfer enhancement compare to the same integral-fin tubes 
without strips. 
Masuda and Rose (1985, 1988) reported experimental data for condensation of R-113 
and ethylene glycol on integral-fin tubes. The effect of fin spacing was investigated on 
the same set of tubes as used by Yau et al. (1985, 1986) with the inclusion of a new 
integral-fin tube with a fin spacing of 0.25 mm. Predetermined coolant-side correlation 
and a modified Wilson plot method were used to evaluate the vapour-side, heat-transfer 
coefficients. For both condensing fluids vapour-side, heat-transfer enhancement was 
found to be about two times higher than the corresponding active-area. Tubes with 
spacing of 0.5 mm and 1.0 mm showed best heat-transfer enhancement of 7.3 for R-113 
and 4.4 for ethylene glycol respectively. 
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Masuda and Rose (1987) summarized the above experimental investigations by plotting 
the dependence of vapour-side, heat-transfer enhancement against fin spacing, as 
shown in Figure 2.6. For steam, ethylene glycol and R-113, tubes with fin spacing of 
1.5 mm, 1 mm and 0.5 mm respectively gave best heat transfer enhancement. They also 
plotted a graph of active-area enhancement against fin spacing as shown in Figure 2.7. 
For steam, ethylene glycol and R-113, integral-fin tubes with fin spacing of 1.5 mm,     
1 mm and 0.5 mm gave best active-area enhancement respectively. Thus heat-transfer 
enhancement is a maximum for fin spacings that maximize the active-area. 
Wanniarachchi et al. (1985, 1986) reported vapour-side, heat-transfer measurements for 
condensation of steam at atmospheric and low (11.3 kPa) pressure on 24 horizontal 
rectangular cross-section integral-fin tubes made of copper. Fin spacing (0.5, 1.0, 1.5, 
2.0, 4.0 mm), fin thickness (0.5, 0.75, 1.0 and 1.5 mm) and fin height (0.5, 1.0, 1.5 and 
2.0 mm) were changed systematically to find best geometry for heat-transfer. Vapour-
side, heat transfer coefficients were obtained using a predetermined coolant-side 
correlation and also by a modified Wilson plot method. Enhancement ratio was found 
to be strongly dependent on fin spacing and an optimum value was reported between 
1.5 mm to 2.0 mm for all tubes. Fin thickness showed a weak effect on enhancement 
ratio with an optimum range between 0.75 mm to 1.0 mm. Enhancement ratio found to 
increase with increasing fin height but at a lower rate than the area increase. 
Marto et al. (1986) presented an experimental study to identify the optimum fin shape 
to maximize heat-transfer. Four integral-fin tubes with rectangular, triangular, 
trapezoidal and parabolic fin shapes were tested using steam as the condensing fluid. 
All tubes had a same fin height and fin root spacing and thickness. Tests were carried 
out at near atmospheric and below atmospheric pressures. A tube with a roughly 
parabolic fin shape outperformed the tubes with rectangular, triangular and trapezoidal 
fin shapes at both pressures. 
Marto et al. (1990) reported experimental data condensing R-113 on 24 integral-fin 
tubes and a commercially available tube. Fin spacing was varied systematically in a 
range of 0.25 mm to 4 mm for different sets of fin thicknesses. All tests were performed 
at a little above atmospheric pressure with a downward flowing vapour velocity of     
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0.4 m/s. Vapour-side, heat-transfer coefficients were obtained using the modified 
Wilson plot method with a measured uncertainty in the range of ±7 percent. The tube 
with a fin spacing of 0.25 mm and a thickness of 0.5 mm gave the best heat-transfer 
enhancement of 7 for a corresponding area enhancement of 3.9. For all tubes tested, 
heat-transfer enhancements were found to be considerably higher than the 
corresponding increase in active-areas. The best fin spacing was obtained to be in 
between 0.2 and 0.5 mm, depending upon the corresponding fin thickness and height. 
Heat-transfer coefficient was also found to increase with increase in fin height, but rate 
of increase in coefficient of heat-transfer found to decrease with the increase in height. 
Briggs et al. (1992) reported experimental data for condensation of steam, ethylene 
glycol and R-113 on two sets of integral-fin tubes. The smaller tubes had a fin root 
diameter of 12.7 mm, fin thickness 0.5 mm and fin height 1.6 mm whereas the larger 
tubes had a fin root diameter of 19.1 mm and fin thickness and height of 1.0 mm. For 
both types three fin spacings of 0.5 mm, 1.0 mm and 1.5 mm were tested. The outside 
tube wall temperature was measured directly by four embedded thermocouples. For all 
the smaller tubes, tests were conducted at a little above atmospheric pressure. For larger 
tubes, tests were performed at a little above atmospheric pressure for steam and R-113 
and also at lower pressures of 3 kPa and 14 kPa for ethylene glycol and steam 
respectively. For both larger and smaller diameters, the best performing integral-fin 
tubes were found with fin spacings of 1.5 mm, 1.0 mm and 0.5 mm for steam, ethylene 
glycol and R-113 respectively. They compared their own experimental data with the 
indirectly obtained experimental data of earlier investigators (Yau et al. 1985, Masuda 
and Rose 1985, Wanniarachchi et al. 1986 and Marto et al. 1990) and a satisfactory 
agreement was found. 
Briggs et al. (1995) reported systematic experimental data for condensation of steam 
and R-113 on rectangular integral-fin tubes made of copper, brass and bronze, with fin 
spacing and fin-root diameter of 1.0 mm and 12.7 mm respectively, fin heights and 
thicknesses were varied in the range of   0.5 mm to 1.6 mm and 0.25 mm to 0.75 mm 
respectively.  For R-113, the heat-transfer enhancement was weakly dependent on fin 
thermal conductivity but more strongly dependent on fin height and thickness whereas 
for steam, the effect of thermal conductivity on heat-transfer enhancement was much 
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stronger for larger fin heights, but effect of fin height and thickness was relatively 
small. 
Park et al. (2008) obtained experimental data for R-123 condensing on four integral-fin 
tubes used in building chillers with varying fin density in a range of 10 fins per inch to 
36 fins per inch. A plain tube with the same outside diameter was also tested to 
compare the results. The vapour-side, heat-transfer coefficients were found directly 
with embedded thermocouples in the tube wall. The tube with a fin density of 28 fins 
per inch found to be optimum with a vapour-side, heat-transfer enhancement of 5.8.  
2.3.2.2 Tubes with Three Dimensional Fins 
Sukathme et al. (1990) obtained experimental data for condensation of R-11 on 9 
horizontal integral-fin tubes and 3 special pin-fin tubes made of copper and reported the 
effect of fin height, fin density and fin tip angle on vapour-side, heat-transfer 
coefficients. All tubes were made with trapezoidal fin shapes. Vapour-side heat-transfer 
coefficients were found from directly measured tube wall temperatures, obtained by 
placing 15 thermocouple at five positions along the tube and at top, bottom and mid 
plane around the tube. Fin tip angle showed a small effect on the vapour-side          
heat-transfer whereas fin density and fin height showed considerable effects on the 
vapour-side heat-transfer coefficient.  The best performing integral-fin tube with a fin 
density of 1417 fins per meter, a fin height of 1.22 mm and a fin tip angle of 10 degree 
gave a vapour-side, heat-transfer of 10.3 with a corresponding active-area enhancement 
of 7. Further, 80 longitudinal trapezoidal grooves were machined in the best performing 
integral-fin tube with three different heights of 0.7 mm, 0.9 mm and 1.22 mm. The 
authors reported a large increase in vapour-side, heat-transfer enhancements with 
increasing value of height. The pin-fin tube with a longitudinal groove height of 1.22 
mm gave a heat-transfer enhancement of 12.3 which was about 20% more than the 
equivalent best performing integral-fin tube. The authors suggested this increase in 
heat-transfer enhancement could be due to the increase in flooding angle of the pin-fin 
tube which was about 20% more than the corresponding integral-fin tube. 
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Briggs et al. (1995) reported experimental data for condensation of R-113 on 17 
commercially available copper integral-fin tubes. These consisted of seven               
two-dimensional tubes (Gewa N and K, trapezoidal cross-section) and ten              
three-dimensional tubes (1 thermoexcel and 9 petal shaped). It was found that the best 
two-dimensional tube (K-50) and best three-dimensional tube (P8) gave similar  
vapour-side, heat-transfer enhancement of 8.2. 
Cheng et al. (1996) obtained condensing data for R-22 on six commercially available 
tubes. Two tubes had low integral-fin whereas four were three-dimensionally enhanced. 
One set of tubes consisting of an integral-fin tube, an externally enhanced tube and an 
externally plus internally enhanced tube has a fin density of 26 fins per inch, fin pitch 
of 0.97 mm and a height of 1.3 mm whereas the other set of tubes consisting of  one 
integral-fin tube, one externally enhanced tube and one externally plus internally 
enhanced tube has a fin density of 40 fins per inch, fin pitch of 0.61 mm and a fin 
height of 1.42 mm. Experiments were carried out at three different pressures of 1.3, 1.5 
and 1.6 MPa. A Wilson plot method was used to obtain vapour-side heat-transfer 
coefficients. The three-dimensional externally plus internally enhanced tubes showed 
the highest heat-transfer coefficients compared to rest of the tubes. The heat- transfer 
coefficients found to decrease with increasing value of pressure. It was also found that 
vapour-side, heat-transfer coefficients decreased more sharply for three-dimensionally 
enhanced tubes as a function of increasing temperature difference compared to  
integral-fin tubes. 
Kumar et al. (1998) reported experimental data for condensation of steam on a plain 
tube with an outside diameter of 22 mm and an integral-fin tube (with an outside 
diameter of 25 mm, fin height of 1.1 mm, fin thickness of 1.1 mm and fin spacing of 
1.5 mm). A three-dimensional pin-fin tube was also tested with similar radial and 
longitudinal dimensions as of integral-fin tube but with forty axial grooves around the 
circumference producing a circumferential pin spacing of 0.9 mm. The condensing side 
heat-transfer coefficients were found using a modified Wilson plot method and also by 
direct measurement of wall temperatures; good agreement was found between the two 
methods. Vapour-side, heat-transfer enhancements of 2.5 and 3.6 were found for the 
integral-fin tube and pin-fin tube respectively. The superior performance of the pin-fin 
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tube was thought to be primarily due to the thinning of the condensate film by the 
surface tension pull in two directions in the unflooded area as also proposed by 
Sukhatme et al. (1990) condensing R-11 and also due to the improved condensate 
drainage at the bottom of the tube. Authors reported the improved condensate drainage 
at the bottom part of pin-fin tube compared to the condensate drainage for integral-fin 
tube.  
Jung et al. (1999) reported vapour-side, heat-transfer enhancements for an integral-fin 
tube with fin density of 26 fins per inch and a three-dimensional turbo-C tube with a fin 
density of 42 fins per inch condensing two low pressure (R-11, R-123) and two medium 
pressure (R-12 and R-134a) refrigerants. A plain tube was also tested for comparison. 
Vapour-side, heat-transfer coefficients were obtained directly by measuring the tube 
wall temperature with embedded thermocouples. For low pressure refrigerants, heat-
transfer coefficients for R-123 of about 8 to 19 % lower than those of R-11 were found 
for all tubes tested. For medium pressure refrigerants, heat-transfer coefficients for     
R-134a were about 0 to 32 % higher than those of R-12. The vapour-side, heat-transfer 
enhancements for turbo-C and integral-fin tubes based upon the plain tube area were 
roughly reported up to 8.0 and 5.5 respectively. 
Kumar et al. (2002) presented experimental data for condensation of steam and R-134a. 
Five tubes consisting of one plain, one integral-fin, one pin-fin and two partial   
integral-fin tubes (i.e. one with pin-fins on the upper half and one with pin-fins on the 
lower half) were tested for each fluid. For steam, all enhanced tubes had rectangular 
fins and a fin density of 390 fins per meter whereas for R-134a, all enhanced tubes had 
trapezoidal fins and a fin density of 1560 fins per meter. Pin-fin tubes were made by 
machining longitudinal grooves into integral-fin tubes. Pin-fin tubes gave the best 
vapour-side, heat-transfer enhancements of 2.9 for steam (30% more than equivalent 
integral-fin tube tested) and 6.5 for R-134a (24% more than equivalent integral-fin tube 
tested). Pin-fins were reported to be more effective at lower half of tube than the upper 
half of tube, i.e. for steam a heat-transfer enhancement of 2.4 (with pin-fin on the upper 
half) and 2.7 (with pin-fins on the lower half) whereas for R-134a a heat-transfer 
enhancement of 5.7 (with pin-fins on the upper half) and 6.3 (with pin-fins on the lower 
half) were reported. Tubes with pin-fins on lower half outperformed the equivalent     
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integral-fin tubes by up to 20% for steam and 11% for R-134a. For R-134a, pin-fins on 
upper half of the tube did not contribute in the heat-transfer enhancement but showed 
5% improvement for steam compared to integral-fin tube. 
Briggs (2003) reported experimental data for condensation of R-113 and steam on six 
three-dimensional pin-fin tubes. These tubes were made by machining rectangular 
longitudinal grooves into integral-fin tubes. A plain tube with the same outside 
diameter as the pin-fin tube root diameter was also tested for comparison purposes. The 
vapour-side, heat-transfer coefficient was obtained by subtracting the coolant and wall 
resistances from the measured overall resistance. For R-113, the best performing tube 
had circumferential pin thickness and spacing of 0.5 mm, pin height of 1.6 mm and a 
longitudinal spacing and thickness of 0.5 mm. For steam, the best performing tube had 
circumferential pin thickness and spacing of 0.5 mm and 1.0 mm respectively, and 
longitudinal thickness of 0.5 mm and spacing of 1.1 mm. Tubes with larger fin heights 
produced higher heat-transfer when all other geometric variables remained the same. 
For R-113, the best performing tube gave a vapour-side enhancement of 9.9 compared 
to the plain tube which was about 40% higher than the equivalent integral-fin tube with 
the same fin height, longitudinal thickness and spacing. For steam, the best performing 
tube gave a heat-transfer enhancement of 2.9 compared to the plain tube which was 
about 25% higher than the equivalent integral-fin tube. For R-113 a near-linear increase 
in heat-transfer enhancement with active-area enhancement was reported. The heat-
transfer enhancement was approximately twice the active-area enhancement. For steam, 
heat-transfer enhancement was virtually independent of active-area enhancement. 
Author also reported that static condensate flooding on pin-fin tubes was significantly 
less than the equivalent integral-fin tubes. 
Briggs (2005) obtained static liquid retention measurements on twelve three-
dimensional pin-fin tubes and three integral-fin tubes. R-113, ethylene glycol and water 
were used as test fluids. Static retention measurements were obtained by using two 
methods: first by taking photographs and second by counting pins. A comparison of 
both methods of measuring retention angles is shown in Figure 2.8, it can be seen for 
water and ethylene glycol both methods give results within 15%, but for R-113 pin 
counting method gives higher retention angles compared to the photographic method. 
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Finally, retention angles for water and ethylene glycol were taken as average of both 
the methods, but for R-113 pin counting method were used as it was deemed more 
accurate than photographic method.  Liquid retention on three-dimensional pin-fin 
tubes was found to be lower than the equivalent integral-fin tubes (i.e. with the same 
longitudinal and radial fin dimensions). The controlling parameters appeared to be 
longitudinal and circumferential pin spacing. A tube with 1 mm circumferential spacing 
was found to be optimum for flooding angle. Pin height and longitudinal and 
circumferential pin thickness had little influence on retention. 
Baiser and Briggs (2009) reported experimental data for condensation of steam at 
atmospheric pressure and low velocity on five three-dimensional copper pin-fin tubes. 
These were the same tubes used in the investigations of Briggs (2005). All of the tubes 
had a pin-fin root diameter of 12.7 mm. Only circumferential thickness and spacing 
were varied. Vapour-side, heat-transfer coefficients were found by subtracting the 
coolant and wall resistances from the measured overall thermal resistance. All pin-fin 
tubes gave higher vapour-side, heat-transfer coefficients compare to the equivalent 
integral-fin tube. The best heat-transfer enhancement was found to be 4.1 which was 
thought to be on a par with the best reported heat-transfer enhancement on an optimum 
integral-fin tube by Wanniarachchi et al. (1986). It was noted that despite of less active-
area of pin-fin tubes compared to equivalent integral-fin tube, pin-fin tubes 
outperformed the integral-fin tube. It was suggested due to the fact that in the case of 
pin-fin tubes many small effective surfaces replaced few large surfaces of integral-fin 
tubes and these smaller surfaces are far more effective for heat-transfer since in gravity 
drained flows they result in shorter thinner boundary layers while for surface tension 
driven flows these small surfaces produce many more sharp changes in surface 
curvature, which result in surface tension induced pressure gradients which thin the 
condensate film. An optimum circumferential spacing of 1 mm was also identified 
which maximized the heat-transfer rate. 
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2.3.3 Theoretical Studies into Condensation Heat-Transfer on Enhanced Tubes 
2.3.3.1 Tubes with Two Dimensional Fins 
Beatty and Katz (1948) were the first to propose a model for condensation heat transfer 
on integral-fin tubes. The model assumed the following points, 
1. Gravity drains the condensate from the vertical fins and from the tube in the 
inter-fin spacing. 
2. Surface tension effects were entirely ignored i.e. model did not account for 
capillary retention on the lower part of tube or enhanced drainage due to 
surface tension on the upper part of tube. 
3. The model ignored condensation on the fin tips. 
Condensation on the vertical fin flanks was modeled by applying the Nusselt (1916) 
equation for vertical plates and condensation in the inter-fin spacing was modeled by 
applying the Nusselt (1916) equation for horizontal tubes. The mean vapour-side, heat-
transfer coefficient for the integral-fin tube was calculated as the area-weighted average 
of the heat-transfer coefficient on finned surfaces and on base tube between inter-fin 
spacing. The following expression was suggested for the vapour-side, heat-transfer 
coefficient, 
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Where, ܿ is an empirical constant and when was taken as 0.689 by Beatty and Katz, 
their experimental data for six low surface tension fluids (methyl chloride, SO2, R-22, 
n-pentane, propane and n-butane) condensing on several integral fin tubes (with fin 
densities from 433 fpm to 633 fpm) were predicted within ±11%. ܮ௙ is the effective fin 
height (average vertical fin height over the diameter ݀௢) and Beatty and Katz took it as, 
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Rose (1994) pointed out that if the condensate drained from the fin flanks to the inter-
fin space and proceeded to drain around the inter-fin tube surface to the bottom of the 
tube, then a more appropriate value of the effective fin height would be half of the 
Beatty and Katz (1948) value giving, 
 
ܮ௙ ൌ
ߨ
8
ቈ
݀௢
ଶ െ ݀ଶ
݀௢
቉ 
Briggs and Rose (1999) compared the Beatty and Katz (1948) model to the results of 
many of the experimental investigations on integral-fin tubes discussed above as shown 
in Figure 2.9. The model showed acceptable agreement for relatively low surface 
tension fluids but over-predicted the data for high surface tension fluids such as steam, 
ethylene glycol. The authors explained that this was due to the neglect of surface 
tension effects in the model. 
Gregorig (1954) discussed the effect of surface tension and pointed out its vital role in 
enhancing condensation heat transfer. His work addressed a vertical fluted surface; a 
schematic is shown in Figure 2.10. The author reported that surface tension forces are 
the dominating factor in determining the heat transfer for fins with height less than 1.5 
mm, as surface tension induced pressure gradients due to the variation in the curvature 
of the vapour liquid interface of the condensate on the fin. This induced pressure 
gradient would drain the condensate in the horizontal direction, over the arc length  ܵ௠ 
(see Figure 2.10). Gravity then drains the accumulated condensate from the channels 
between the flutes. The pressure gradient in the horizontal direction was given by, 
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Where, S is the distance along the vapour liquid interface from the tip of fin and r is the 
radius of curvature of the liquid vapour interface. Gregorig (1954) also gave a relation 
that described the shape of a convex profile which provides a constant condensate film 
thickness over the arc length  ܵ௠ , 
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Adamek (1981) defined a family of convex shapes that use surface tension to drain the 
film. His fin curvature was defined as, 
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Where each value of  ߞ gives a different shape of fin profile and a different aspect ratio  
݁ ݐ௕⁄  . Figure 2.11 shows nine different Adamek profiles for െ0.9 ൑ ߞ ൑ 30.  The 
Adamek (1981) profile for a value of  ߞ ൌ 2  is identical to the Gregorig (1954) profile. 
Adamek (1981) combined Equation (2.21) with the Nusselt (1916) analysis to give the 
following equation to predict average vapour-side, heat-transfer coefficients on a 
convex surface, 
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Kedzierski and Webb (1987) validated the Gregorig (1954) and Adamek (1981) 
theoretical findings. Using an electrostatic discharge machining method with a 
numerical controlled machine head, they produced fin profiles for  ζ = 2 and -0.5. R-11 
was used as condensing fluid and experimental data agreed with the predictions to 
within 5%.  
Rudy and Webb (1983) presented a model to predict condensation heat-transfer 
coefficient including the surface tension effects on fin flanks. Heat-transfer through the 
part of the tube below the flooding angle was not considered. They totally ignored body 
forces (gravity) effects on the fin flanks and assumed a constant pressure gradient due 
to surface tension draining the condensate from the fin flanks into the inter-fin spacing. 
They took the radius of curvature of the condensate surface at the fin tip and fin root as 
half the fin-tip thickness and fin-root spacing respectively. The result was the following 
expression for the pressure gradient on the fin flanks, 
(2.20) 
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Using the above expression to replace the body force term in the Nusselt expression for 
the fin flanks, the following result was proposed for vapour-side, heat-transfer 
coefficient, 
 
ߙ ൌ 0.728
׎௙
ߨ
ቆ
݇ଷߩ݄௙௚
ߤ∆ܶ
ቇ
ଵ ସ⁄
ቈ
ܣ௥
ܣௗ
ቀ
ߩ݃
݀
ቁ
ଵ ସ⁄
൅ 1.3
ܣ௙
ܣௗ
൜
2ߪ
݄ଶ
൬
1
ݏ
൅
1
ݐ
൰ൠ
ଵ ସ⁄
቉ 
Honda and Nozu (1987) provided a prediction method for heat-transfer on horizontal 
trapezoidal integral-fin tubes. It was pointed out by the authors that an important factor 
which had been ignored in earlier theoretical models is the non-uniformity of wall 
temperature, due to the large difference in heat-transfer coefficients between the 
unflooded and flooded regions. Their model incorporated surface tension, gravity and 
variable wall temperature effects. Figure 2.12 shows the physical model and 
coordinates. The final expression for average heat-transfer coefficient is based on two 
regions: unflooded and flooded. From Figures 2.12 b and c it can be seen,  ݔ ൏ ݔ௕ 
defines thin film whereas ݔ ൐ ݔ௕ defines thick film. A numerical analysis has been 
given just for thin film with the help of following assumptions: 
1. The wall temperature is uniform along the fin. 
2. The condensate flow is laminar. 
3. The condensate film thickness ߜ is so small that the inertia term in the 
momentum equation and the convection term in the energy equation can be 
neglected. 
4. Circumferential flow on the flanks can be neglected in comparison with radial 
flow. 
5. Fin height is substantially smaller than the tube outer radius. 
The following expression was developed for the condensate film thickness along the 
fin, 
(2.23)
(2.24)
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௫݂ is the normalized component of gravity and ݎ is the radius of curvature of 
condensate. It should be noted that the analysis is just given for the so called thin film 
regions. For unflooded region this includes the fin tip, fin corner and fin flank (but not 
inter-fin base) whereas for the flooded region it includes only the fin tip and fin corner. 
Finally, the following expression was developed for the average Nusselt Number for 
horizontal integral-fin tubes, 
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෨ܶ௪௨ and ෨ܶ௪௙ are dimensionless average wall temperatures at the fin roots in the 
unflooded and flooded regions respectively and can be determined by solving the 
problem for circumferential wall conduction by assuming constant heat-transfer 
coefficients for the inner surface and for unflooded and flooded regions on the outer 
surface and neglecting the interaction with radial conduction. ߟ௨ and ߟ௙ are fin 
efficiencies in the unflooded and flooded regions respectively. ܰݑௗ௨ and ܰݑௗ௙ are 
Nusselt numbers for unflooded and flooded regions. 
Honda and Nozu (1987) compared their theoretical model with their own experimental 
data for condensation of R-113 and methanol on three integral-fin tubes (see Honda et 
al. 1983) and found agreement within ± 10 % as shown in Figure 2.13(a). The same 
experimental data gave agreement with Beatty and Katz (1948) model within  ± 20 % , 
also shown in Figure 2.13(b).  They also compared their theoretical model with the 
experimental results of previous investigators including for 11 fluids and 22 tubes and 
found an agreement within ± 20 %. Briggs and Rose (1999) compared the Honda and 
Nozu (1987) model with a range of experimental data of previous investigators and 
(2.25)
(2.26)
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reported that most of the data agreed with the model to within 25 %, as shown in  
Figure 2.14. 
Rose (1994) pointed out that in most of the proposed heat-transfer models, either 
gravity was completely neglected when surface tension driven drainage was considered 
on the fin flanks or only the radial component was included. He also suggested the need 
for a simple heat-transfer model, in the form of an algebraic expression akin of Beatty 
and Katz (1948), but including surface tension effects. Applying dimensional analysis 
the following expression for mean condensate film thickness was proposed that 
accounts for both gravity and surface tension effects, 
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A and B are constants and found separately for the fin tips, fin flanks and inter-fin 
space. ݔ௚ and ݔఙ are characteristic lengths for gravity and surface tension driven flows 
respectively. These characteristic lengths are different for gravity and surface tension 
driven flows. Also mean heat flux, ݍ through condensate assuming radial conduction is 
given as, 
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For the fin tip, where there is no retained condensate, the author took the parameters 
involved in Equation (2.27) as: ܣ ൌ 0.728ସ, ݔ௚ ൌ ݀௢,  ݔఙ ൌ ݐ ܽ݊݀ ܤ ൌ ܤ௧ (to be found 
empirically). 
For the unflooded part of the fin flanks, the author took the parameters in Equation 
(2.27) as: ܣ ൌ 0.943ସ, ݔ௚ ൌ ݄௩, ݔఙ ൌ ݄, ܤ ൌ ܤ௙ (to be found empirically). ݄௩  is the 
mean vertical fin height and was approximated as, 
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Where,׎௙ is the flooding angle measured from top of the tube. 
Finally, for the unflooded part of the tube inter-fin space, the author took the 
parameters in Equation (2.27) as: ܣ ൌ ሼߦሺ׎ሻሽଷ, ݔ௚ ൌ ݀, ݔఙ ൌ ݏ, ܤ ൌ ܤ௦ (to be found 
empirically). The function ߦሺ׎ሻ was approximated as, 
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0.1363 ൈ 10ିଶ׎ସ 
From Equations (2.27) and (2.28) with the appropriate values of A, B, ݔ௚ ܽ݊݀ ݔఙ and 
neglecting temperature drop in the fin, the mean surface heat flux for the fin tip, fin 
flank and inter-fin space is given, 
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From Nusselt (1916), the expression for the heat flux for a plain tube is, 
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Further, assuming no heat-transfer to the flooded and blanked part of fin flanks and 
inter-fin space, an enhancement ratio for a pitch length of trapezoidal integral-fin tube 
over the plain tube at the same temperature difference, was obtained as, 
 
ߝ∆் ൌ
ݍ௧௜௣ߨ݀௢ݐ ൅
׎௙
ߨ ቊ
ݍ௙௟௔௡௞ߨሺ݀௢ଶ െ ݀ଶሻ൫1 െ ௙݂൯
2 cos ߠ ൅ ݍ௜௡௧ߨ݀ݏሺ1 െ ௦݂ሻቋ
ݍ௣௟௔௜௡ߨ݀ሺݏ ൅ ݐሻ
 
Finally, by substituting Eqns. (2.32) to (2.35) for the mean heat flux for fin tip, fin 
flanks and inter-fin space into Eqn. 2.36, the following final expression is obtained, 
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In the above expression, to account for the fact that condensate drainage from the fin 
flanks would affect both gravity and surface tension contributions to the heat-transfer at 
the inter-fin tube space a lead constant ܤ௟, was introduced in the last term. Moreover, 
the constants ܤ௧, ܤ௙ and ܤ௦ did not differ greatly when found separately, which led to 
the decision to set these constants equal. Using  ܤ௧ ൌ ܤ௙ ൌ  ܤ௦ ൌ 0.143 ܽ݊݀ ܤ௟ ൌ 2.96 
the model predicted dependence of enhancement ratio on fin spacing, fin thickness and 
fin height excellently. The author pointed out that as the model neglected conduction in 
the fin, the validity of the model was expected to decrease with decreasing thermal 
conductivity of the tube material and also with increasing slenderness ratio (h/t) of the 
fin. Briggs and Rose (1999) compared the model with a large range of experimental 
data reported by different investigators as shown in Figure 2.15. The model predicted 
most of the data for copper tubes in a range of 20 %, whereas poorly performed for 
steam condensing on tubes made of bronze with lower thermal conductivity where 
heat-transfer enhancement was overestimated. 
(2.36)
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Briggs and Rose (1994) incorporated ‘fin efficiency’ effects into the model of Rose 
(1994) in an approximate way. This was done by dividing the tube into flooded and 
unflooded parts. For the flooded part, the fin flanks were assumed adiabatic to find the 
heat flux through the fin tip, ݍ௧௜௣,௙௟௢௢ௗ . For the unflooded part, the heat flux for inter-
fin space, ݍ௜௡௧ found using Equation (2.34). For the fin flanks and the fin tip in the 
unflooded part to account for the temperature variations, ‘slender fin’ approximation 
for the conduction problem was used as follows, 
 
∆ܶሺݔሻ
∆ܶ
ൌ
coshሾ݉ሺ݄ െ ݔሻሿ ൅ ൫ߙ௧௜௣ ݉݇௪⁄ ൯ sinhሾ݉ሺ݄ െ ݔሻሿ
coshሺ݄݉ሻ ൅ ൫ߙ௧௜௣ ݉݇௪⁄ ൯ sinhሺ݄݉ሻ
 
where, 
݉ ൌ ඨ൬
2ߙ௙௟௔௡௞
݇௪ݐ
൰ 
With the help of the above equations, appropriate expressions including temperature 
variations for flank heat flux, ݍ௙௟௔௡௞ and tip heat flux, ݍ௧௜௣ was found for the unflooded 
area. 
Finally, the following expression was proposed to calculate vapour-side heat-transfer 
enhancement ratio, 
 
ߝ∆் ൌ
൫ߨ െ ׎௙൯݀௢ݐݍ௧௜௣,௙௟௢௢ௗ ൅ ׎௙ ൜݀௢ݐݍ௧௜௣ ൅ ൫1 െ ௙݂൯
ሺ݀௢ଶ െ ݀ଶሻ
2 ݍ௙௟௔௡௞ൠ ൅ ׎௙ሺ1 െ ௦݂ሻ݀ݏݍ௜௡௧
ݍ௣௟௔௜௡ߨ݀ሺݏ ൅ ݐሻ
 
In the numerator of Equation (2.40), the first term shows heat-transfer rate through 
flooded part of tube, the second term shows heat-transfer rate through unflooded part of 
fin and third term shows heat-transfer rate through unflooded part of fin spacing. Briggs 
and Rose (1999) compared the experimental data from different investigations to the 
predictions of the Briggs and Rose (1994) model. As can be seen from Figure 2.16, the 
inclusion of conduction in the fins on the basis of ‘slender fin theory’ improved the 
(2.38) 
(2.39) 
(2.40)
53 
 
agreement of experimental data for low thermal conductivity tubes (i.e. bronze tubes 
condensing steam) with the model. 
2.3.3.2 Tubes with Three Dimensional Fins 
Kumar et al. (2002) pointed out that almost all the reported heat-transfer models refer to 
condensation on integral-fin tubes and there was no analytical model for condensation 
on pin-fin or spine integral-fin tubes. They proposed a generalized empirical model to 
predict the vapour-side, heat-transfer coefficient for integral-fin as well as pin-fin tubes. 
They assumed the heat-transfer coefficient was a function of fluid properties, tube 
geometry and condensate mass flow rate. This resulted in an expression for the vapour-
side, heat-transfer coefficient as follows, 
 
ߙ ൌ 0.024ሺܴ݁ሻି଴.ଷଷଷሾܹ݁ሿ଴.ଷሺܻሻଵ.ସ ቆ
݇ଷߩଶ݃
ߤଶ
ቇ
଴.ଷଷଷ
 
where all the constants in Equation (2.41) were found empirically using least square 
method, Re is the condensate film Reynolds number given by,  
 
ܴ݁ ൌ
4 ሶ݉
ߤ݌
 
We is the Weber number, the ratio of surface tension and inertia forces in the 
condensate, and for pin-fin tubes was estimated as a Pythagorean sum of the Weber 
numbers for the two perpendicular faces of the pins as follows, 
 
ܹ݁ ൌ ටܹ݁௟
ଶ ൅ܹ݁௖ଶ 
Where Wel and Wec are the Webber numbers for the longitudinal and circumferential 
faces of the pin and are calculated from, 
 
(2.42)
(2.43) 
(2.41)
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ܹ݁௟ ൌ
4ߪ ቀ1ݐ ൅
1
ݏቁ
݄ߩ݃
 
 
ܹ݁௖ ൌ
4ߪ ቀ1ݐ௖
൅ 1ݏ௖
ቁ
݄ߩ݃
 
Note that for integral-fin tubes only longitudinal Weber number is used in Equation 
(2.41). 
Y is a function of the tube geometry and given by, 
 
ܻ ൌ
4ܣ௢
݀݌
ൌ
4ߨ
݀݌
ቈ
݀௢ଶ െ ݀ଶ
2
൅ ݀௢ݐ ൅ ݀ሺ݌ െ ݐ௕ሻ቉ 
Kumar et al. (2002) compared their own experimental data condensing steam on two 
tubes (one integral-fin and one pin-fin) and R-134a on five tubes (four integral-fin and 
one pin-fin) with the model and reported and agreement within 15 % for most of the 
experimental data. Cavallini et al. (2003) compared the model to the experimental data 
for condensation of steam and refrigerants on integral-fin tubes reported by previous 
researchers and concluded that the model was not appropriate for tubes with heights of 
more than 1.1 mm and with fin pitches of more than 1.0 mm or less than 0.5 mm for 
refrigerants and less than 2.0 mm for steam. Namasivayam (2006) also compared the 
model to the experimental data of steam and R-113 on integral-fin tubes and agreed 
with the conclusions of Cavallini et al. (2003). 
Belghazi et al. (2002) presented a model for a specially designed three-dimensional 
Gewa C+ tube containing notches around the fin. The tube circumference was divided 
into flooded and unflooded regions. The authors further divided fin pitch into four 
regions. It was assumed that for certain regions (i.e. the regions between notches and 
above notches) surface tension will be the draining force and for other regions (i.e. the 
region below notches and inter-fin tube space) gravity will be draining force. Nusselt 
(1916) theory was applied to find the heat-transfer coefficients for the gravity based 
(2.44 a)
(2.44 b)
(2.45) 
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drainage regions. By replacing ሺߩ݃ሻ in the Nusselt theory with the following 
expression, surface tension effects were included in their model, 
 
݀ܨఙ
ܸ݀
ൎ
ߪ
݄
൬
1
ݎ௕
െ
1
ݎ௧
൰ 
Where, ௗி഑
ௗ௏
 is volume force, ݎ௕ and ݎ௧ are radii of curvature of condensate film liquid 
vapour interface at fin bottom and fin tip respectively. 
The authors compared their model with their own experimental data, for R-134a 
condensing on a Gewa C+ tube. The model predicted most of the experimental data to 
within േ10 %. This model uses a linear pressure variation technique to account for 
surface tension effects and totally ignores gravity effects on the fin notches and above, 
but still shows a good agreement with experimental data. This might be due to 
overestimation of surface tension effects compensating for the absence of gravity. 
2.4 Conclusion 
Extensive experimental work has been performed on integral-fin tubes and has shown 
that geometry is not the only point of interest for enhancement of heat-transfer. 
Researchers have reported the optimum fin dimensions for a range of condensing fluids 
(see Yau et al. 1985, Masuda and Rose (1985, 1988), Wanniarachchi et al. (1986), 
Marto et al. (1990)). The work of Honda et al. (1983) successfully predicts the 
condensate retention on integral-fin tubes. Reliable heat-transfer models (e.g. Briggs 
and Rose (1994), Honda and Nozu (1987)) accounting for the combined effects of 
surface tension and gravity on heat-transfer have been developed and are readily 
available for design engineers. 
A relatively less experimental work is reported on condensation heat-transfer on 
enhanced pin-fin tubes. However, work of previous researchers (see Sukathme et al. 
(1990), Kumar et al. (1998,2002)) have shown the superior performance of such tubes 
over equivalent integral-fin tubes. Heat-transfer enhancements for pin-fin tubes have 
been reported at a par to the optimum integral-fin tubes (see Briggs (2003), Baiser and 
(2.46)
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Briggs (2009)). The extent of condensate retention and formation of many sharp 
surfaces enhancing surface tension effects on pin-fin tubes are identified to be the 
important parameters contributing towards the heat-transfer enhancement. Only one 
model presented by Kumar et al. (2002) is available to predict heat-transfer on the pin-
fin tubes, a poor performance of this model has been reported for the integral-fin tubes.  
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Table 2.1 Summery of Experimental Literature Review 
Investigation Number of 
Tubes 
Tested 
Type of Tube Heat-Transfer 
Coefficient Calculation 
Method 
Fluids Tested Maximum Reported 
Heat-Transfer 
Enhancement Ratio 
Honda et al. (1983) 4 3 Trapezoidal Integral-Fin 
1 Saw-Toothed 
Direct Measurements R-113 
Methanol 
9.0 
6.1 
Yau et al. (1985) 13 Rectangular Integral-Fin  Predetermined Coolant-
Side Correlation 
Steam 3.6 
Masuda and Rose 
(1985) 
14 Rectangular Integral-Fin  Predetermined Coolant-
Side Correlation 
R-113 7.3 
Masuda and Rose 
(1988) 
14 Rectangular Integral-Fin  Predetermined Coolant-
Side Correlation 
Ethylene Glycol 4.4 
Wanniarachchi et al. 
(1985, 1986) 
24 Rectangular Integral-Fin  Predetermined Coolant-
Side Correlation 
Steam 5.2 
Marto et al. (1990) 24 Rectangular Integral-Fin  Modified Wilson Plot R-113 7.0 
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Table 2.1 (Continued) 
 
Investigation Number of 
Tubes 
Tested 
Type of Tube Heat-Transfer 
Coefficient Calculation 
Method 
Fluids Tested Maximum Reported 
Heat-Transfer 
Enhancement Ratio 
Sukathme et al. 
(1990) 
12 9 Trapezoidal Integral-Fin  
3 Pin-Fin 
Direct Measurements R-11 10.3 (Integral-Fin) 
12.3 (Pin-Fin) 
Briggs et al. (1992) 6 Rectangular Integral-Fin Direct Measurements R-113 
Ethylene Glycol 
Steam 
6.8 
4.8 
3.0 
Briggs et al. (1995) 17 
(Commercial 
Tubes) 
7 Two-Dimensional 
10 Three-Dimensional 
Predetermined Coolant-
Side Correlation 
R-113 8.2 
Kumar et al. (1998) 2 1 Integral-Fin 
1 Pin-Fin 
Modified Wilson Plot 
and Direct Measurements
Steam 2.5 (Integral-Fin) 
3.6 (Pin-Fin) 
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Table 2.1 (Continued) 
Investigation Number of 
Tubes 
Tested 
Type of Tube Heat-Transfer 
Coefficient Calculation 
Method 
Fluids Tested Maximum Reported 
Heat-Transfer 
Enhancement Ratio 
Kumar et al. (2002) 8 2 Integral-Fin  
2 Pin-Fin 
4 Partial Integral-Fin 
Direct Measurements Steam 
R-134a 
2.9 
6.5 
Briggs (2003) 6 Pin-Fin Tubes Predetermined Coolant-
Side Correlation 
R-113 
Steam 
9.9 
2.9 
Park et al. (2008) 4 Integral-Fin Direct Measurements R-123 5.8 
Baiser and Briggs 
(2009) 
5 Pin-Fin Predetermined Coolant-
Side Correlation 
Steam 4.1 
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Figure 2.1 Condensate Flooding on a Horizontal Integral Fin Tube showing           
Retention Angle ׎௙ 
 
 
 
 
 
 
 
 
 
 
Figure 2.2 Trapezoidal Integral-Fin Tube Geometry 
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 Figure 2.3 Comparisons of Experimental Retention or Flooding Angles with Theory           
(Reproduced, after Honda et al. (1983)) 
 
Figure 2.4 Liquid Retention Results with and without drainage strips                            
(After Yau et al. (1986)) 
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Figure 2.5 Configuration of Retained Liquid or Condensate around a Horizontal       
Integral-Fin Tube (After Masuda and Rose (1987)) 
 
 
Figure 2.6 Dependence of Vapour-Side Heat Transfer Ratio on Fin Spacing for 
Rectangular-Section Integral-Fin Tubes (After Masuda and Rose (1987)) 
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Figure 2.7 Dependence of Active Area Enhancement Ratio on Fin Spacing                  
(After Masuda and Rose (1987)) 
 
Figure 2.8 Comparison of Pin Counting Method with Photographic Method                       
by Briggs et al. (2005) 
0.0
0.2
0.4
0.6
0.8
1.0
0.0 0.2 0.4 0.6 0.8 1.0
φ f / π  (counting pins)
(photos)
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Glycol
+15%
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Figure 2.9 Comparison of Beatty and Katz (1948) Model with Experimental Data       
(After Briggs and Rose (1999)) 
 
 
Figure 2.10 Fin Parameters of Vertical Fluted Tube (After Gregorig (1954)) 
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Figure 2.11 Adamek Profiles (After Adamek (1981)) 
 
 
                      Figure 2.12 Physical Model and Coordinates (After Honda et al. (1987)) 
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Figure 2.13 Comparisons of Honda et al. (1983) Experimental Data with (a) Honda and 
Nozu (1987) Model and (b) Beatty and Katz (1948) Model (After Honda and Nozu 
(1987)) 
 
Figure 2.14 Comparison of Honda and Nozu (1987) Model with Experimental Data    
(After Briggs and Rose (1999)) 
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Figure 2.15 Comparison of Rose (1994) Model with Experimental Data                       
(After Briggs and Rose (1999)) 
 
 
Figure 2.16 Comparison of Briggs and Rose (1994) Model with Experimental Data    
(After Briggs and Rose (1999)) 
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Chapter 3 
Aims of the Present Project 
The present work is a continuation of a research project initiated by Briggs (2003) at 
Queen Mary, University of London on free-convection condensation on horizontal pin-
fin tubes. The work has three main aims 
1) To add to the available data base on condensation heat transfer on horizontal pin-fin 
tubes. Eleven copper pin fin tubes, two brass pin-fin tubes and two bronze pin-fin 
tubes, as well as copper, brass and bronze plain tubes will be tested for 
condensation of R-113 and ethylene glycol. The results will add to those already 
obtained in earlier investigations on some or all of the tubes condensing steam and 
R-113. 
 
2) To investigate condensate retention on the pin-fin tubes and compare it to that of 
equivalent integral-fin tubes reported by earlier investigations and to available 
theoretical models. These results will then be used to develop a semi-empirical 
model for retention on pin-fin tubes. 
 
3) To develop a semi-empirical model for condensation on pin-fin tubes based on the 
approach of Rose (1994) and Briggs and Rose (1994) for integral-fin tubes. This 
will incorporate the retention angle model from 2) above and will use the data from 
1) above and from earlier investigations. 
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Chapter 4 
An Investigation of Condensate Retention on Pin-Fin Tubes 
4.1 Introduction 
Experimental studies of condensate flooding on pin-fin tubes (a schematic of three 
dimensional pin-fin is shown in Figure 4.1) have shown a decrease in the condensate 
flooding compared to the equivalent* integral-fin tube. Briggs (2005) obtained liquid 
retention measurements on 11 three-dimensional rectangular cross-section pin-fin tubes 
using water, ethylene glycol and R-113 and while Sukathme et al. (1990) tested a 
specially enhanced pin-fin tube using R-11. Both found that liquid retention on pin-fin 
tubes was lower than the equivalent integral-fin tube.   
In this chapter liquid retention measurements are reported and an attempt has been 
made to obtain an empirical correlation for condensate flooding angle on pin-fin tubes. 
4.2 Measurement of Condensate Flooding on Pin-Fin Tubes 
In the present investigation, static (no condensation) retention angle measurements are 
made on 15 rectangular pin-fin tubes shown in Figure 4.2. Table 4.1 shows the 
dimensions of the pin-fin tubes. Water, ethylene glycol and R-113 are used as test 
fluids. Table 4.1 also shows the dimensions of a special pin-fin tube (S1) tested by 
Sukathme et al. (1990) using R-11 and it will be used here for comparison purpose. 
Two methods, as described by Briggs (2005), are used here to measure the extent of 
condensate flooding on pin-fin tubes, 
 
* By “equivalent” we mean here an integral-fin tube with the same root diameter, fin or 
pin height and longitudinal fin or pin spacing. 
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Table 4.1 Dimensions of Pin-Fin Tubes (in mm) 
Tubes ݐ௖(Root)* ݐ௖(Tip)* ݐ௖(Mean)* t ݏ௖ s h d 
P1 0.4 0.6 0.5 0.5 1.0 1.1 0.9 12.7 
P2 0.4 0.7 0.55 0.5 1.0 1.1 1.6 12.7 
P3 0.7 0.8 0.75 0.5 0.5 0.5 0.9 12.7 
P4 0.7 0.9 0.8 0.5 0.5 0.5 1.6 12.7 
P5 0.4 0.5 0.45 0.5 0.5 0.5 0.9 12.7 
P6 0.4 0.6 0.5 0.5 0.5 0.5 1.6 12.7 
P7 0.4 0.6 0.5 0.5 0.5 1.5 1.6 12.7 
P8 0.3 0.7 0.5 0.5 1.0 1.5 1.6 12.7 
P10 0.8 1.2 1.0 0.5 0.5 1.5 1.6 12.7 
P11 0.8 1.2 1.0 0.5 1.0 1.5 1.6 12.7 
P12 0.7 1.3 1.0 0.5 1.5 1.5 1.6 12.7 
P1Brass 0.4 0.6 0.5 0.5 1.0 1.1 0.9 12.7 
P2Brass 0.4 0.7 0.55 0.5 1.0 1.1 1.6 12.7 
P1Bronze 0.4 0.6 0.5 0.5 1.0 1.1 0.9 12.7 
P2Bronze 0.4 0.7 0.55 0.5 1.0 1.1 1.6 12.7 
S1 0.9 0.47 0.685 0.305 0.315 0.405 1.22 22.56
* The pins were formed by machining rectangular grooves along the tubes, hence all pins had 
slightly smaller circumferential thickness at the root than at the tip. 
• Photographic Method 
• Pin Counting Method 
4.2.1 Photographic Method 
In this method, tubes were mounted horizontally and test fluid was sprayed flowing 
vertically downward using a fine spray. A small amount of green dye was added into 
the working fluid to help pick out the flooding angle. The tube was loaded with the 
fluid up to the point where flooding level on the tube becomes constant, and a 
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photograph taken using a digital camera. Photographs of condensate flooding on pin-fin 
tubes using water and ethylene glycol are shown in Figures 4.3 a and b respectively and 
an arrow is placed on each photograph to highlight flooding point where the pin flanks 
become fully flooded. Photographs were enhanced electronically and retention angles 
were then calculated. The accuracy of photographic method, however, seems to be 
within ± 0.05d for very small or very large flooding angles. As no dye was dissolvable 
into R-113 to more clearly identify the flooding point, it was not possible to pick out 
flooding point of transparent R-113 on pin-fin tubes using the photographic method.   
4.2.2 Pin Counting Method 
In this method, the number of pins in the circumferential direction in the unflooded 
region (i.e. where the pins are not blanked by condensate) was counted and then by 
dividing by the total number of pins per circumference, and then flooding angle was 
obtained. This method could be used to find the flooded angle for all fluids tested. For 
tubes with higher number of pins around the circumference, however, the pin counting 
method is thought to be only good to ± 1 pin pitch.  
Flooding angles obtained by using both methods on all pin-fin tubes are listed in    
Table 4.2. Figure 4.4 gives a comparison of the results of the two methods of measuring 
retention angle for water and ethylene glycol. The methods agree with each other to 
within 15 %, so for water and ethylene glycol a mean value of two results is thought to 
be more reasonable to use. 
Table 4.3 lists the retention angle measurements obtained by Briggs (2005) on the same 
set of 11 copper pin-fin tubes used in the present study and also the retention angle 
measurement obtained by Sukathme et al. (1990) on a copper pin-fin tube using R-11. 
Figure 4.5 compares the present retention angle measurements made on copper pin-fin 
tubes (P1 to P12) with those of Briggs (2005) retention angles, almost all the data show 
agreement to within 15 %. 
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Table 4.2 Measured Retention Angles 
 Water Ethylene Glycol R-113 
Tubes ׎௙ ߨ⁄  
(Photo) 
׎௙ ߨ⁄   
(Pin Count)
׎௙ ߨ⁄   
(Mean) 
׎௙ ߨ⁄  
(Photo) 
׎௙ ߨ⁄   
(Pin Count)
׎௙ ߨ⁄   
(Mean) 
׎௙ ߨ⁄   
(Pin Count) 
P1 0.58 0.58 0.58 0.73 0.76 0.745 0.93 
P2 0.54 0.54 0.54 0.71 0.67 0.69 0.9 
P3 0 0 0 0.29 0.28 0.285 0.69 
P4 0 0 0 0.32 0.28 0.3 0.708 
P5 0 0 0 0.29 0.36 0.325 0.777 
P6 0 0 0 0.36 0.34 0.35 0.733 
P7 0.51 0.49 0.5 0.67 0.65 0.66 0.8 
P8 0.61 0.61 0.61 0.76 0.72 0.74 0.9 
P10 0.46 0.46 0.46 0.66 0.6 0.63 0.8 
P11 0.58 0.54 0.56 0.73 0.63 0.68 0.864 
P12 0.61 0.61 0.61 0.74 0.66 0.7 0.861 
P1Brass 0.58 0.56 0.57 0.67 0.69 0.68 0.9 
P2Brass 0.62 0.6 0.61 0.7 0.72 0.71 0.916 
P1Bronze 0.57 0.57 0.57 0.67 0.69 0.68 0.9 
P2Bronze 0.59 0.53 0.56 0.71 0.71 0.71 0.9 
 
4.3 Comparison of Measured Retention Angles for Pin-Fin Tubes with the Model 
of Honda et al. (1983) 
Honda et al. (1983) analyzed condensate retention on trapezoidal integral-fin tubes and 
proposed the following theoretical equation for the retention angle, 
 
׎௙ ൌ   cosିଵ ൤൬
2ߪ  cos ߠ
ߩ݃ݏܴ௢
൰ െ 1൨          ݂݋ݎ ݏ ൏ 2݄ (4.1) 
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Table 4.3 Experimental Retention Angles reported by Briggs (2005) and          
Sukathme et al. (1990) 
  
Briggs (2005) 
Sukathme 
et al. 
(1990) 
Tubes ׎௙ ߨ⁄  
(Water) 
׎௙ ߨ⁄  
(Glycol) 
׎௙ ߨ⁄  
(R-113) 
׎௙ ߨ⁄  
(R-11) 
P1 0.58 0.75 0.93 
P2 0.59 0.64 0.93 
P3 0 0.33 0.78 
P4 0 0.44 0.75 
P5 0 0.4 0.8 
P6 0 0.36 0.8 
P7 0.48 0.61 0.84 
P8 0.59 0.66 0.9 
P10 0.47 0.63 0.88 
P11 0.53 0.63 0.91 
P12 0.59 0.61 0.92 
S1 0.79 
 
Excellent agreement of Eqn. (4.1) with measured retention angles on integral-fin tubes 
for a range of fluids has been reported by many investigators (for instance, Honda et al. 
(1983), Yau et al. (1986); see Figures 2.3 and 2.4 in Chapter 2).  
To analyze the increase in retention angle (or reduction in condensate flooding) on   
pin-fin tubes compared to equivalent integral-fin tubes, we compare the measured 
retention angles on pin-fin tubes with Eqn. (4.1). Figure 4.6 compares the measured 
retention angles of the present investigation, Briggs (2005) and Sukathme et al. (1990) 
with Eqn. (4.1), it can be seen that theory under predicts the measured retention angles 
on pin-fin tubes in a range of 5% to 60 %. Retention angles, however, decrease with 
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increasing values of  ߪ ߩ݃ݏܴ݋⁄   , indicating that this is still an important parameter in 
liquid retention for pin-fin tubes, as in the case of integral-fin tubes. 
4.4 Semi-Empirical Expression for Condensate Retention Angle on Pin-Fin Tubes 
In the development of an accurate heat-transfer model for pin-fin tubes, an expression 
for condensate flooding on pin-fin tubes is of critical importance. 
Yau et al. (1986) noted an increase in retention angle by attaching drainage strips at the 
bottom of integral-fin tubes. They proposed that by reducing the constant 2.0 in Honda 
et al. (1983) Eqn. 4.1 to 0.83, it was possible to predict the larger retention angles for 
integral-fin tubes with drainage strips (see Figure 2.4, Chapter 2).  
It has been shown in Figure 4.6 that all pin-fin tube and fluid combinations have larger 
retention angles compared to Eqn. (4.1), so it is quite possible to predict these larger 
angles by reducing the constant in Eqn. (4.1) using the same approach as used by Yau 
et al. (1986). The case of pin-fin tubes is different from that of integral-fin tubes with 
drainage strips, as however there are two variables involved namely circumferential pin 
spacing and thickness, affecting the behavior of condensate retention, so it would not be 
realistic to replace the constant in Eqn. (4.1) with a single fixed value to predict the 
larger retention angles. For each pin-fin tube and fluid combination, the extent of 
increase in retention angle compared to equivalent integral-fin tube is different, so it is 
important to include the effect of circumferential pin spacing and thickness in any 
modification of the model. A general observation from the measured retention angles 
show that retention angle decreases to some extent with an increase in circumferential 
pin thickness and increases with an increase in circumferential pin spacing when all 
other geometric parameters are kept constant. The dependence of retention angle on 
circumferential pin thickness and spacing is shown in Figures 4.7 and 4.8 respectively. 
The following expression incorporating the effects of circumferential pin spacing and 
thickness is proposed to predict the retention angle on pin-fin tubes, 
 
׎௙ ൌ   cosିଵ ൤൬1 െ ܥ ൈ
ݏ௖
ݐ௖
൰ ൬
2ߪ 
ߩ݃ݏܴ௢
൰ െ 1൨           ݂݋ݎ ݏ ൏ 2݄         (4.2) 
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Where, C is a constant in Eqn. (4.2) and found empirically for each fluid separately. 
 A least square method i.e. minimizing the sum of squares of residuals was used to find 
out the best value of C for each of the three fluids tested. Present experimental data and 
data of Briggs (2005) was used in the minimization process.  
Table 4.4 lists the best values of C i.e. that gave the minimum value of sum of squares 
for each fluid used in Eqn. (4.2). Figure 4.9 compares the experimental retention angles 
used in the minimization process of the present investigation and Briggs (2005) with 
predictions of Eqn. (4.2). It can be seen that more than 90% of the data agree with the 
predictions in a range of ± 15 %. There are some measured angles for pin-fin tubes P3 
and P4 using ethylene glycol fall beyond the range of ± 15 %, however, it should be 
noted that these retention angles are comparatively small and a small difference 
(measured minus calculated) can lead to a big value of percentage error. For example, a 
difference of 0.1 (measured minus calculated retention angle ratio) for a measured 
angle of 0.9 will give 11 % error, but the same difference of 0.1 for a measured angle of 
0.2 will lead up to 50 % error. As an overall, data showed a relative standard deviation 
of 11.7 %. 
Table 4.4 Empirical Constants and Standard Deviations 
Fluid ܥ Std rel * 
Water 0.25 0.0546 
Ethylene Glycol 0.35 0.1877 
R-113 0.45 0.0535 
Overall  0.1170 
               * Relative standard deviation 
From Figure 4.10, it will be interesting to note that empirical constant C in Eqn. (4.2) 
exhibits a reciprocal relation with  ߪ / ߩܴ݋²݃   which is a unit-less parameter. This suggests 
that value of constant C in Eqn. (4.2) may be estimated for any fluid without finding it 
empirically from the following approximation, 
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ܥ  ൌ  0.4919  െ  1.306 ሺߪ / ߩܴ௢²݃ሻ  
Figure 4.11, plotted non dimensionally, compares the measured retention angles of the 
present investigation, Briggs (2005) and Sukathme et al. (1990) with Eqn. (4.2), a good 
agreement can be seen between measured and predicted values. Retention angle 
exhibits a decrease with increasing value of non-dimensional parameter, showing that 
longitudinal pin-fin spacing, circumferential pin spacing and thickness and ratio of 
surface tension to density are important parameters for condensate retention in the case 
of pin-fin tubes. 
Figures 4.12 a, b and c plot the dependence of retention angle on circumferential pin 
spacing as a function of circumferential pin thickness when all other geometric 
parameters are kept constant. It can be seen that Eqn. (4.2) reasonably predicts the 
effect of circumferential pin thickness and spacing on retention angle for all three fluids 
tested. 
4.5 Role of Active Surface Area Enhancement 
An increase in circumferential pin spacing increases the retention angle on pin-fin 
tubes, but a circumferential spacing which gives the smallest liquid retention may not 
necessarily be optimum for heat transfer. The research has shown that, among other 
factors, active surface area is one of the important parameter for condensation heat 
transfer. For a pin-fin tube an active area enhancement can be defined as the sum of the 
area of the pin tips plus the area of the inter-pin roots and flanks above the flooding 
angle divided by the area of a plain tube with an outside diameter equal to the pin-fin 
tube root diameter and can be calculated by following expression, 
 
ߦ ൌ
݊ ݐݐ௖ ൅
߶௙
ߨ ሺ݊ ሺ2݄ݐ௖ ൅ 2݄ݐ ൅ ݏ௖ݐሻ ൅ ߨ݀ݏሻ
ߨ݀ሺݏ ൅ ݐሻ
 
(4.3) 
(4.4)
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Where ߦ stands for active area enhancement and ݊ stands for total number of pins per 
circumference on pin-fin tube. 
Figure 4.13 compares active surface area enhancement (calculated using the present 
measured retention angles) with the circumferential pin spacing as a function of 
circumferential pin thickness when other geometric parameters kept constant. A 
decrease in active surface area enhancement can clearly be seen for all fluids with an 
increase in circumferential pin spacing. It is due to the fact that although an increase in 
circumferential pin spacing helps decreasing the condensate retention to some extent at 
the part of the tube below retention angle but it leads to a reduction in available surface 
area in the unflooded region i.e. part of the tube above retention angle which results to 
an overall decrease in active surface area enhancement. A general observation suggests 
that a circumferential pin spacing of less than longitudinal fin thickness could yield pin-
fin tubes with higher active surface area enhancements compared to equivalent integral-
fin tubes. 
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    (a)                                                                 (b) 
Figure 4.1 Schematic of Three-Dimensional Pin-Fin Tube 
 
 
Figure 4.2 Pin-Fin Tubes Used in the Present Investigation 
Plain Brass 
P1 Brass 
P2 Brass 
Plain Bronze 
P1 Bronze 
P2 Bronze 
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Figure 4.2 Continued 
Plain Copper 
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P12 
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Figure 4.3(a) Condensate Flooding on Pin-Fin Tubes using Water 
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Figure 4.3(a) Continued 
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 Figure 4.3(b) Condensate Flooding on Pin-Fin Tubes using Ethylene Glycol 
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Figure 4.3(b) Continued 
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Chapter 5 
Experimental Apparatus, Instrumentation, Procedure, Data Processing and Data 
Reduction 
5.1 Introduction 
The apparatus was designed for investigations into condensation of saturated vapour 
on single horizontal tubes at atmospheric pressure and low vapour velocity. Masuda 
(1985) used it to investigate condensation of R-113 and ethylene glycol on integral-fin 
tubes. Wen (1990) adapted the apparatus to study condensation of steam, ethylene 
glycol and steam on instrumented integral-fin tubes. Huang (1995) continued the work 
on integral-fin tubes made of different materials condensing R-113 and steam. Briggs 
(2003) obtained results for condensation of steam and R-113 on pin-fin tubes. Murase 
(2006) carried out research for condensation of steam, ethylene glycol and R-113 on 
wire wrapped single horizontal tubes and also to study Marangoni condensation of 
steam-ethanol mixture on a smooth tube. Finally, Baiser and Briggs (2009) used it for 
condensation of steam on pin-fin tubes. Most of the above findings are reported in 
chapter 2. 
5.2 Apparatus 
5.2.1 General Layout 
The general layout of the experimental apparatus is shown in Figure 5.1. Vapour was 
generated in a stainless steel boiler fitted with four electrical immersion heaters to 
provide a total electric power of 12 kW. A sight glass fitted outside of the boiler 
indicated the level of liquid in the boiler to ensure the heaters were completely 
immersed in liquid. Vapour from the boiler travelled through a 180o bend and passed 
vertically down to the test section, where it condensed on the test tube. Excess vapour 
condensed in the auxiliary condenser below the test section. The condensed liquid 
from the test section and auxiliary condenser finally returned to the boiler through a 
declined pipe by the force of gravity. Cooling water, pumped by a centrifugal pump, 
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was supplied to the test tube and auxiliary condenser through a float type flow meter. 
All sections of the apparatus were fabricated from stainless steel or glass and were 
thermally well insulated to minimise heat loss. 
5.2.2 Test Section 
The test section, shown in Figure 5.2, was circular in cross-section with an inside 
diameter of 100 mm. A circular Pyrex glass window placed in the front of the test 
section allowed visual observation during condensation. The test tube was mounted 
horizontally using PTFE (Polytetrafluoroethylene, or Teflon) bushes on each end of 
the tube. The bushes also thermally isolated the test tube from the body of the test 
section. A closed thermocouple pocket protruded into the vapour upstream of the test 
tube. PTFE inserts were used to thermally insulate the inside of the test tubes before 
and after the test section in order to stop axial heat flow and to keep the inside and 
outside surfaces available to heat transfer of equal length. The inserts reduced the 
internal diameter of the test tube from 9.65 mm over the sections not exposed to the 
vapour. PTFE mixing boxes were fitted at the inlet and outlet of the test tube in order 
to obtain mean coolant temperatures. 
5.2.3 Test Tubes 
Nineteen tubes were tested in the present investigation; one instrumented copper plain 
tube, three identical uninstumented plain tubes made of copper, brass and bronze, and 
fifteen uninstuemnted pin-fin tubes. All tubes had a total length of 275 mm, of which 
100 mm was exposed to condensing vapour, and an internal diameter of 9.65 mm. The 
uninstrumented plain tubes had an outside diameter of 12.7 mm equivalent to the root 
diameter of pin-fin tubes. Details of the geometry of the pin-fin tubes are listed in 
Table 4.1 (Chapter 4). 
The instrumented copper plain tube (used here to obtain the coolant side correlation) 
was embedded with four thermocouples in the tube wall to measure the wall 
temperature directly during condensation. The wall thermocouples were equally 
spaced at 90o intervals around the tube with a 22.5° offset from the vertical plane. The 
93 
 
measuring junctions of the thermocouples were situated at the centre of the section of 
the tube exposed to the vapours. The outer diameter of the instrumented plain tube 
was 14.3 mm slightly larger than the uninstrumented tubes in order to accommodate 
the thermocouples. 
Eleven out of fifteen pin-fin tubes (P1 to P12) were made by machining longitudinal 
and circumferential slots into thick walled copper tubes and have previously been used 
in the investigations of Briggs (2003) and Baiser and Briggs (2009). Two pairs of 
tubes identical to P1 and P2 were made of brass and bronze by converting the integral-
fin tubes used in the investigation of Huang (1995). The main parameters investigated 
were circumferential pin spacing and thickness, pin height and thermal conductivity of 
the tube material. 
5.2.4 Auxiliary Condenser 
After partially condensing in the test section, the remaining vapour passed to the 
auxiliary condenser where it was completely condensed into liquid and returned to the 
boiler. The cooling water was supplied to the auxiliary condenser directly by the 
centrifugal pump. 
5.3 Instrumentation 
5.3.1 Boiler Power 
The power input to the boiler was calculated by measuring the voltage drop across 
each heater and the corresponding electric resistance of each heater as shown in Table 
5.1. The voltage drop was measured using an analogue voltmeter. 
 
 
94 
 
5.3.2 Coolant Flow Rate 
The cooling water flow rate to the test tube was measured using a float-type flow 
meter having a range of 3-30 l/min.  The cooling water to the auxiliary condenser was 
supplied directly from the centrifugal pump. It was not necessary to measure the flow 
rate to the auxiliary condenser. 
5.3.3 Temperatures 
The following temperatures were measured using K-type (Nickel-Chromium / Nickel-
Aluminium) thermocouples: 
1. The vapour temperature in the test section. 
2. The coolant inlet temperature. 
3. The coolant temperature rise across the test tube. 
4. The temperature of the returning condensate to the boiler. 
5. The instrumented tube local wall temperatures. 
The wiring diagram of the thermocouples is shown in Figure 5.3. The cold junctions 
of the thermocouples were placed in a cold junction of crushed and melting distilled 
water ice in an insulated vessel. The thermo-emf’s were measured using a digital d.c. 
voltmeter with a resolution of 1 ࣆV equivalent to 0.025 K for the thermocouple used. 
To make sure that the thermocouples were properly in contact with the corresponding 
fluid, the junctions were withdrawn from their pockets a little bit during the 
condensation process and no change in thermo-emf was found.  
The heat-transfer rate to the test tube was calculated from the cooling water 
temperature rise. To ensure the accuracy of this measurement, a 10 junction 
thermopile was placed across the test tube. The 10 inlet and 10 outlet junctions of 
thermopile, insulated from each other, were placed in closed end stainless-steel tubes. 
A wiring diagram of the thermopile is shown in Figure 5.4.  
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5.3.4 Test-Section Vapour Pressure 
The vapour pressure inside the test section was measured with a fluid-in-glass U-tube 
manometer, with one end connected to the test section pressure tap and other end open 
to atmosphere. A precision steel rule and vernier scale were fitted to measure the 
levels of water and test fluid in the manometer. Atmospheric pressure was measured 
using a Fortin barometer. 
5.4 Experimental Procedure 
5.4.1 Prevention of Dropwise Condensation 
In order to ensure filmwise condensation, the test tube was thoroughly wiped using a 
clean cloth and then was immersed for several minutes in a mixture prepared from the 
following, 
                200 g of sodium dichromate (Na2Cr2O7) 
      100 ml of sulphuric acid (H2SO4)  
      2000 ml of distilled water (H2O) 
 During immersion, the tube was agitated to ensure that all air bubbles were removed 
and the solution came into contact with the entire tube surface. The tube was then 
rinsed with tap water followed by distilled water and then dried by an air line fitted 
with an oil filter. Finally, a little of the test fluid (R-113 or Ethylene Glycol) was 
poured over the tube to ensure that a continuous film could be achieved. The tube was 
then installed in the test section. 
5.4.2 Frictional Dissipation Measurement 
Before switching on the heaters, cooling water was allowed to pass through the test 
tube at different flow rates (covering the range used in the actual condensation tests). 
The thermo-emf of the coolant thermopile was noted due to the frictional dissipation 
96 
 
in the tube and mixing boxes. The results are shown in Appendix A. The temperature 
rise due to frictional dissipation was later subtracted from the measured overall 
temperature rise of cooling water during the tests to give the temperature rise due to 
condensation only. 
5.4.3 Procedure for Tests 
 After switching on the apparatus was left running for about one hour to ensure steady 
operating conditions and to eliminate any air from the apparatus. The following 
measurements were then taken for different coolant flow rates: 
1. The liquid levels in the manometer. 
2. The thermo-emf’s of the thermocouples in the coolant inlet, the test section 
vapour and the condensate return duct. 
3. The thermo-emf of the 10-junction thermopile. 
4. The thermo-emf’s of the thermocouples in the wall of the instrumented test 
tube. 
5. The test-tube coolant flow rate. 
6. Ambient pressure and temperature in the laboratory by a barometer and a 
thermometer placed on the barometer respectively. 
The test tube was visually monitored through the glass window in the test section to 
ensure no dropwise condensation occurred throughout the tests. Heat-transfer rate 
through the test tube was changed by changing the coolant flow rate. After every 
change of coolant flow rate, 3 minutes were given to the test tube to stabilize before 
taking readings.  
After completing the run, the heaters were turned off and cooling water was left 
running through the test tube and auxiliary condenser to cease the condensation 
process completely. 
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5.5 Data Processing 
The procedure for calculating the variables is given as follows. (Fluid properties were 
calculated using the equations given in Appendix B.) 
5.5.1 Atmospheric Pressure 
Atmospheric pressure was directly measured using a Fortin barometer in the 
laboratory. As most of the barometers were calibrated at 0o C, the error in the 
measured barometric reading due to temperature was found using the following 
relation and subtracted from the measured value. 
௧ܲ௖ ൌ 0.015 ൅ ሺ1.6229 ௕ܶ െ 0.1188ሻ ൈ 10ିସ ൈ ௕ܲ 
where, 
            ௧ܲ௖= temperature correction in mmHg (this value will be subtracted from the 
barometer reading) 
             ௕ܶ = temperature reading of the scale fixed on barometer in 
°C 
             ௕ܲ = observed reading of barometer in mmHg 
5.5.2 Test-Section Vapour Pressure 
The test-section vapour pressure was found using a water-in-glass manometer as 
follows, 
 
௧ܲ௦ ൌ ௔ܲ௧௠ െ ݃ൣߩ௪௔௧௘௥ሺܪଶ െ ܪଵሻ ൅ ߩ௧௙ሺܪଷ െ ܪଶሻ൧ 
where, 
  ௧ܲ௦     = test-section pressure in Pa     
            ௔ܲ௧௠  = atmospheric pressure in Pa  
(5.1) 
(5.2) 
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            ݃  = gravitational acceleration in m/s2 
    ߩ௪௔௧௘௥  = water density at ambient temperature in kg/m
3 
       ߩ௧௙  = test fluid density at ambient temperature in kg/m
3 
          ܪଵ,ܪଶ, ܪଷ = level of water and test fluid in manometer, m 
5.5.3 Test-Tube Coolant Flow Rate     
The test tube coolant flow rate was obtained directly using a float-type flow meter 
with a range of 3-30 lit/min. In this investigation, coolant flow rates were taken in a 
range of 8-27 lit/min. 
5.5.4 Temperatures        
Test-section vapour, coolant inlet, condensate return and instrumented tube wall 
temperatures were measured using K-type (Nickel-Chromium/Nickel-Aluminium) 
thermocouples. All the thermocouples were made from the same reel of wire. The 
following relation found by least square method was used to convert thermo-emf’s to 
temperatures, 
 
ܶ ൌ 273.15 ൅ 0.0255 ൈ ܧ െ 0.4580 ൈ 10ି଺ ൈ ܧଶ ൅ 0.2961 ൈ 10ିଵ଴ ൈ ܧଷ 
൅0.6849 ൈ 10ିଵସ ൈ ܧସ െ 0.6208 ൈ 10ିଵ଼ ൈ ܧହ 
where, 
  T = absolute temperature in K 
  E = thermo-emf in ࣆV 
5.5.5 Test-Tube Coolant Temperature Rise 
The coolant temperature rise was measured by a 10-junction thermopile. A small 
temperature rise of the coolant due to frictional dissipation in the tube and mixing 
(5.3)
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boxes was subtracted and the temperature rise (due to condensation only) of coolant 
was calculated from the thermopile reading using the following equation, 
 
∆ ௖ܶ ൌ
൫∆ܧ െ ∆ܧ௙൯
10
ൈ ൬
݀ܶ
݀ܧ
൰
ாୀா೘
 
Where ቀௗ்
ௗா
ቁ
ாୀா೘
is obtained by differentiating the Eqn. (5.3), i.e. 
 
൬
݀ܶ
݀ܧ
൰
ாୀா೘
ൌ 0.0255 െ 0.4580 ൈ 10ି଺ ൈ 2ܧ௠ ൅ 0.2961 ൈ 10ିଵ଴ ൈ 3ܧ௠
ଶ 
             ൅0.6849 ൈ 10ିଵସ ൈ 4ܧ௠
ଷ െ 0.6208 ൈ 10ିଵ଼ ൈ 5ܧ௠
ସ 
where  ܧ௠ is given as, 
 
ܧ௠ ൌ ܧ௜௡ ൅
൫∆ܧ െ ∆ܧ௙൯
10
2
 
where, 
 ∆ ௖ܶ= temperature rise of the coolant in K 
 ∆ܧ = thermo-emf reading of 10-junction thermopile during condensation in ࣆV 
 ∆ܧ௙= thermo-emf reading correction for frictional dissipation in ࣆV 
 ܧ௜௡ = thermo-emf reading from the inlet thermocouple in ࣆV 
5.5.6 Instrumented Test-Tube Wall Temperature 
For the instrumented plain tube the wall temperature was obtained by four 
thermocouples imbedded in the tube wall. In order to find out the tube local outer 
surface temperature, these readings were corrected by assuming uniform radial heat 
conduction in the tube wall as follows, 
 
(5.4)
 (5.5)
  (5.6) 
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௪ܶ௢ ൌ ௪ܶ೟೎ ൅
ܳ
2ߨ݇௪݈
݈݊ሺ݀/݀௧௖ሻ 
where, 
 ௪ܶ௢ = local outer wall temperature, K 
 ௪ܶ೟೎= temperature measured by thermocouple inside the wall, K 
 ݇௪  = thermal conductivity of the wall calculated at ( ௪ܶ௢ ൅ ௪ܶ೟೎)/2, W/m K 
 l      = tube length, m 
 d     = plain tube outer diameter or pin-tube pin root diameter, m 
 ݀௧௖  = diameter of tube at wall thermocouple, m 
The average outside wall temperature was taken as the arithmetic mean of the four 
local outside wall temperatures. The same equation was applied to obtain inside 
average tube wall temperature by replacing d with di, the tube inside diameter. 
5.5.7 Heat-Transfer Rate Through the Test Tube 
The total heat-transfer rate through the test tube was calculated from the measured 
coolant flow rate and temperature rise as follows, 
 
ܳ ൌ ߩ௖ ௖ܸܿ௣௖∆ ௖ܶ 
where, 
 ܳ   = total heat-transfer rate through the test tube, W 
 ߩ௖  = density of coolant evaluated at ሺ ௖ܶ௜௡ ൅ ௖ܶ௢௨௧ሻ/2, kg/m
3 
 ௖ܸ   = coolant volume flow rate, m
3/s 
 ܿ௣௖ = specific heat capacity of coolant evaluated at ሺ ௖ܶ௜௡ ൅ ௖ܶ௢௨௧ሻ/2, J/kg K 
 ∆ ௖ܶ= coolant temperature rise due to condensation, K 
 
(5.7) 
(5.8) 
101 
 
The coolant outlet temperature was calculated as follows, 
 
௖ܶ௢௨௧ ൌ ௖ܶ௜௡ ൅ ∆ ௖ܶ 
The heat flux on the outside of the test tube was calculated by the following equation, 
 
ݍ ൌ
ܳ
ߨ݈݀
 
 where, 
 ݍ = heat flux on the outside of the test tube, W/m2 
Note that for the pin-fin tubes, ݀ is the pin-root diameter and hence the heat flux for 
these tubes was based on the area of a plain tube with outside diameter equal to the  
pin-root diameter of the pin-fin tube. 
The heat flux on the inside of the test tubes was calculated by the following equation, 
 
ݍ௜ ൌ
ܳ
ߨ݀௜݈
 
where, 
 ݍ௜  = heat flux on the inside of the test tube, W/m
2 
5.5.8 Boiler Power 
The power dissipated in the boiler was calculated from the voltage drop across each 
heater along with its resistance from the following relation, (electric resistance of each 
heater is given in Table 5.1) 
 
(5.9)
(5.10)
(5.11) 
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ܳ஻ ൌ෍ቆ
௜ܸ
ଶ
ܴ௜
ቇ
ସ
௜ୀଵ
 
where, 
 ܳ஻ = total power input to the boiler, W 
 ௜ܸ   = voltage drop across heater i indicated by voltmeter, V 
 ܴ௜   = Resistance of heater i, listed in Table 5.1, ષ 
 
Table 5.1 Heaters Electric Resistances 
 
Heater Number 1 2 3 4 
Resistance  /  ષ 19.1 18 18 19 
 
5.5.9 Vapour Mass Flow Rate and Vapour Velocity 
The mass flow rate of vapour in the test-section was obtained from the power input to 
the boiler. The steady-flow energy balance was applied between the boiler inlet and 
the test-section immediately before the test tube. By neglecting the gravitational 
acceleration and kinetic energy effects (condensate assumed to flow at low velocity) 
the following relation for vapour mass flow rate is found, 
 
ሶ݉ ௩ ൌ
ܳ஻ െ ܳ௟௢௦௦
ܿ௣ሺ ௩ܶ െ ௥ܶሻ ൅ ݄௙௚
 
where, 
 ܳ஻     = power input to boiler, W 
 ܳ௟௢௦௦  = heat loss from apparatus between boiler and test-section, W 
 ሶ݉ ௩ = vapour mass flow rate, kg/s 
 ܿ௣ = specific heat capacity of test fluid, J/kg K 
(5.12) 
(5.13) 
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 ݄௙௚ = specific enthalpy of evaporation of the test fluid, J/kg 
 ௩ܶ = vapour saturation temperature, K 
 ௥ܶ = condensate returning temperature, K 
The heat loss from the apparatus between the boiler inlet and the test-section was 
evaluated by the following equation, 
 
ܳ௟௢௦௦ ൌ ܥ௟௢௦௦ሺ ௩ܶ െ ௔ܶሻ 
௔ܶ is the ambient temperature and ܥ௟௢௦௦ is a constant for the apparatus and was 
established as 5.97 W/K by Huang (1995) by determining minimum power required to 
provide vapour in the test section. 
Finally the vapour velocity was found as, 
 
ܷ௩ ൌ
ሶ݉ ௩
ߩ௩ܣ௧௦
 
where, 
 ௩ܷ   = vapour velocity, m/s 
 ߩ௩   = vapour density, kg/m
3 
 ܣ௧௦ = test-section cross-sectional area, m
2 
5.6 Indirect Data Reduction Method 
An accurate and reliable method of calculating the tube wall temperature and vapour-
side heat-transfer coefficient is vital in all heat transfer experiments. In the present 
investigation it was not practical to measure the tube wall temperature directly using 
instrumented tubes because of the large number of different tube geometries to be 
tested. Recourse was made, therefore, to indirect methods of obtaining these 
quantities. 
(5.14) 
(5.15) 
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5.6.1 Predetermined Coolant-Side Correlation Method 
The overall thermal resistance of the condenser test tube is made up of the individual 
resistances on the coolant and vapour sides as well as that of the tube wall as follows, 
 
1
ܷ௢ܣ௢
ൌ
1
ߙ௖ܣ௜
൅
݈݊ሺ݀ ݀௜⁄ ሻ
2ߨ݈݇௪
൅
1
ߙܣ௢
 
where, 
 ܷ௢  = overall heat transfer coefficient, based on outside area of test-tube, W/m
2 K 
 ߙ௖ = coolant-side heat-transfer coefficient, W/m
2 K 
 ܣ௢ = outside area of test-tube, m
2  
 ܣ௜ = inside area of test-tube, m
2  
 ݇௪   = thermal conductivity of the wall calculated at ( ௪ܶ௢ ൅ ௪ܶ௜)/2, W/m K 
 l       = tube length, m 
 d      = plain tube outer diameter or pin-tube pin root diameter, m 
  ݀௜     = inside diameter of test-tube, m 
 ߙ = vapour-side, heat-transfer coefficient, W/m2 K 
The above equation can be re-arranged to obtain the vapour-side, heat-transfer 
coefficient as follows, 
 
ߙ ൌ
ܷ௢
1 െ ቀܷ௢݀ߙ௖݀௜
ቁ െ ൬ܷ௢݀ ݈݊
ሺ݀ ݀௜⁄ ሻ
2݇௪
൰
 
Thus if the heat-transfer coefficient on the coolant-side can be calculated for a given 
set of coolant conditions, then this can be used, along with Eqn. (5.17), to find the        
vapour-side heat-transfer coefficient and hence the inside and outside tube wall 
temperatures. 
(5.16) 
(5.17) 
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The accuracy of this method has previously been investigated. In particular, Briggs 
(1991) carried out a comprehensive investigation of indirect methods for evaluating 
the vapour-side heat-transfer coefficients for condensation. He used a plain and three 
integral-fin, instrumented copper tubes condensing steam, ethylene glycol and R-113. 
Vapour-side, heat-transfer coefficients found directly from thermocouples embedded 
in the tube walls were compared with those found by different indirect methods 
(Wilson plot, modified Wilson plot and predetermined coolant-side correlation). It 
was recommended that in order to save the time and cost of manufacturing 
instrumented enhanced tubes, a method based on subtraction of resistances (i.e. based 
on Eqn. (5.17)) should be used. The coolant-side heat-transfer coefficient was found 
from a predetermined coolant-side correlation based on the well known Sieder and 
Tate (1936) expression for turbulent flow in pipes. 
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In Eqn. (5.18), ෤ܽ was a constant found from a least squares fit to the directly measured 
coolant-side data from the instrumented plain tube. Note that, since ߤ௪ is evaluated at 
the inside wall temperature and ݇௪ at the average (inside-to-outside) wall temperature, 
both of which are initially unknown, an iterative scheme was used and continued until 
convergence of all wall temperatures to 0.0001 K. 
For R-113, ethylene glycol and steam, the percentage discrepancy of the data using 
this coolant-side correlation compared to direct measurements was 2%, 4% and 7% 
respectively. The study emphasised the importance of the instrumented tube used to 
find the constant in the coolant-side correlation having identical internal geometry to 
the test tubes, including the coolant entrance and exit arrangements for the tubes.  
5.6.2 Present Investigation -  Copper and Brass Tubes 
In the present investigation the method outlined above will be used for the copper and 
brass test tubes. As will be explained later, a slight modification of this method was 
needed for the bronze tubes. To fine the leading constant in Eqn. (5.18), a copper 
(5.18) 
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instrumented tube with internal geometry identical to the test tubes and an outer 
diameter slightly larger than the pin-root diameter of pin-fin tubes was used. Briggs 
(2003) reported coolant-side data using this tube condensing steam and R-113 on the 
vapour-side. Figure 5.5 shows that Eqn. (5.18) correlates the data well when the 
leading coefficient is set to 0.0376. In the present investigation the same tube was re-
tested using ethylene glycol as the condensing fluid. The excellent agreement between 
the new data and the data and correlation of Briggs (2003) seen in Figure 5.5 shows 
that, as expected, the choice of condensing fluid does not affect the coolant-side 
results. Equation 5.18 with leading constant 0.0376 was used to calculate the coolant-
side,  heat-transfer coefficients for plain and pin-fin tubes made of copper and brass, 
which have internal geometry identical to that of the instrumented tube used to find 
the correlation. 
5.6.2 Present Investigation -  Bronze Tubes 
The bronze tubes tested in the present investigation were, like all the other pin tubes 
tested, manufactured by machining longitudinal slots into integral-fin tubes. In the 
case of the bronze tubes, however, the integral-fin tubes adapted in this way were 
those tested by Huang (1995). As reported in this previous investigation, close 
examination of the tubes revealed spiral score marks inside the tubes which resulted in 
enhancement in the coolant-side heat-transfer, rendering the coolant-side correlation 
obtained from the instrumented, copper tube with a smooth internal bore invalid. For 
bronze tubes, therefore, the leading coefficient in Eqn. (5.18) was obtained using a 
modified Wilson plot. This method assumes a coolant-side correlation of the form of 
Eqn. (5.18) while on the vapour side an equation based on Nusselt (1916) was used as 
follows, 
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The method was applied to the steam data only, since the smaller coolant-side 
temperature rises for R-113 limited the range of coolant flow rates obtained for this 
fluid and made the modified Wilson plot method less accurate. When this method was 
(5.19) 
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applied to the copper and brass tubes it gave results for all the tubes in good 
agreement with that of the instrumented copper tube. For the bronze tubes, however, 
the scoring on the inside of the tubes led to significantly higher values of constant   ෤ܽ  
in Eqn. (5.18), indicating that it had a surprisingly large enhancing effect on the inside 
heat-transfer coefficient. These constants, which were also slightly different for each 
tube due to the different degrees of scoring, could then be used for that tube in the 
present investigation, after the tube was converted to a pin-fin tube. The values of the 
constant for the three tubes used in the current investigation are listed in Table 5.2. 
Table 5.2 Values of Constant ෤ܽ in Eqn. (5.18) obtained by using Modified Wilson Plot 
by Huang (1995) 
 Tube  Plain Bronze P1Bronze P2Bronze 
෤ܽ 0.054 0.054 0.045 
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Figure 5.1 Experimental Apparatus 
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Figure 5.2 Details of Test Section 
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Figure 5.3 Details of Thermocouples 
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Figure 5.4 10-Junction Thermopile (4 Junctions Shown) 
 Figure 5.5 Coolant-Sid
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Chapter 6 
Heat Transfer Measurements for Condensation of Ethylene Glycol and R-113 on 
Horizontal Plain and Pin-Fin Tubes 
6.1 Introduction 
In this chapter, experimental results for condensation heat-transfer on horizontal 
smooth and pin-fin tubes are presented. For ethylene glycol, experimental data are 
obtained using 12 uninstrumented copper tubes (one smooth tube and eleven pin-fin 
tubes), 3 uninstrumented brass tubes (one smooth and two pin-fin tubes) and 3 
uninstrumented bronze tubes (one smooth and two pin-fin tubes). For R-113, 
experimental data are obtained using 8 uninstrumented copper tubes (one smooth tube 
and seven pin-fin tubes), 3 uninstrumented brass tubes (one smooth and two pin-fin 
tubes) and 3 uninstrumented bronze tubes (one smooth and two pin-fin tubes). Both 
condensing fluids, R-113 and ethylene glycol, were tested at near atmospheric pressure 
and low vapour velocities. A summary of the main experimental parameters of the 
present study are given in Table 6.1. Detailed dimensions of the pin-fin tubes are given 
in Table 4.1, Chapter 4. 
Table 6.1 Summery of Main Experimental Parameter Ranges for Present Study 
Fluid Tubes Pts / kPa Uv / (m/s) ∆T / K q / (kW/m2) 
 
 
R-113 
 
Copper  
≈101 
 
 
≈ 0.30 
 
15.5 - 29.5 31.2 - 176.9 
Brass 13.7 - 27.5 31.7 - 118.8 
Bronze 16.5 - 27.9 32.2 - 113.2 
 
 
Ethylene Glycol 
Copper  
≈101 
 
≈ 0.47 
67.1-161.5 312.6-1351.9 
Brass 98.9-160 290.1-807.5 
Bronze 111.4-162 299.8-704.8 
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The present experimental study is a continuation of research on pin-tubes initiated in 
2003 by Briggs. The data of Briggs (2003) and Baiser and Briggs (2009) for 
condensation of R-113 and steam on the same set of copper pin-fin tubes used in this 
study will also be discussed in this section for a comprehensive view of condensation 
on the pin-fin tubes. A summary of the main experimental parameters of those 
investigations are given in Table 6.2. 
 Table 6.2 Summary of Main Experimental Parameter Ranges for data of Briggs (2003) 
and Baiser and Briggs (2009) 
Fluid Tubes Pts / kPa Uv / (m/s) ∆T / K q / (kW/m2) 
R-113 
Briggs (2003) 
Copper 
(P1-P6) 
≈101 ≈ 0.30 9.51 - 25.8 28.2 - 212.5 
Steam* 
Copper 
(P1-P12) 
≈101 ≈ 0.70 8.1 - 54.1 452.1-1106.9 
* For steam, tubes P1-P6 were tested by Briggs (2003) and tubes P7-P12 were tested 
by Baiser and Briggs (2009). 
The present data for the pin-fin tubes are also compared with those of “equivalent” 
integral-fin tubes, reported by previous investigators. An equivalent integral-fin tube is 
defined as a tube with the same root diameter, fin or pin height and longitudinal fin or 
pin thickness and spacing to that of the pin-fin tube. In this study, identifiers F1 to F4 
are used for equivalent integral-fin tubes. Table 6.3 lists the dimensions of these 
integral-fin tubes and also their equivalence to pin-fin tubes. It should be noted  that  no  
Table 6.3 Dimensions of Integral-Fin Tubes (in mm) and Equivalent Pin-Fin Tubes 
Tube t s h d “Equivalent” to 
F1 0.5 1.0 0.9 12.7 P1 
F2 0.5 1.0 1.6 12.7 P2 
F3 0.5 1.5 1.6 12.7 P7,P8,P10,P11,P12 
F4 0.5 0.5 1.6 12.7 P4,P6 
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equivalent integral-fin tube is available for pin-fin tubes P3 and P5. Table 6.4 shows the 
references for equivalent integral-fin tubes reported by previous investigators.  
Table 6.4 References of Equivalent Integral-Fin Tubes tested by Previous Investigators  
Tube R-113 Glycol Steam R-113 R-113 
 Copper Brass Bronze 
F1 Briggs et al. 
(1995) 
Wen (1990) Briggs et al. 
(1995)* 
Briggs et al. 
(1995) 
Briggs et al. 
(1995) 
F2 Briggs et al. 
(1995) 
Briggs et al. 
(1992) 
Briggs et al. 
(1995)* 
Briggs et al. 
(1995) 
Briggs et al. 
(1995) 
F3 Briggs et al. 
(1992) 
Briggs et al. 
(1992) 
Briggs et al. 
(1992)* 
  
F4 Briggs et al. 
(1992)* 
Briggs et al. 
(1992) 
Briggs et al. 
(1992)* 
  
* These integral-fin tubes are used to compare with the earlier data on pin-fin tubes reported by 
Briggs (2003) and Baiser and Briggs (2009). 
6.2 Results for Condensation on Horizontal Smooth Tubes 
Prior to the discussion of the pin-fin tube results, it is important to validate the 
experimental results in the light of previous theoretical and experimental investigations. 
In the present work, this is done by comparing the experimental results of the 
uninstrumented smooth tubes with the following theoretical and experimental results 
(these results are described in detail in Chapter 2). 
1. The theory of Nusselt (1916) for free-convection condensation heat transfer on a 
horizontal smooth tube. 
2. The experimental results of Briggs et al. (1995) and Briggs (2003) for condensation 
of R-113 on copper, brass and bronze plain tubes and Briggs et al. (1992) for 
condensation of ethylene glycol on copper plain tube. 
Figures 6.1 and 6.2 compare the data for R-113 and ethylene glycol condensing on 
smooth tubes with the theory of Nusselt (1916) and those of previous investigators. The 
116 
 
present experimental data for both fluids fall slightly above the Nusselt (1916) theory 
due to the small downward vapour velocity. Overall, a very good agreement can be 
seen between experimental data and theory. Figure 6.1a compares the present data for 
R-113 on copper smooth tube with those of Briggs et al. (1995) and Briggs (2003), who 
obtained experimental results using the same copper smooth tube in the same 
experimental apparatus. An excellent agreement can be seen between all sets of data. 
Figures 6.1 b and c compare the present experimental results for R-113 condensing on 
brass and bronze smooth tubes with those of Briggs et al. (1995) who used the same 
smooth tubes. Again an excellent agreement can be seen between present and previous 
data. The present data for ethylene glycol condensing on copper smooth tube are 
compared in Figure 6.2a to those of Briggs et al. (1992) data who tested an 
instrumented tube with the same outside diameter used in the present investigation; a 
good agreement can be seen between data. A good agreement can be seen for the 
present data of ethylene glycol condensing on brass and bronze smooth tubes with the 
Nusselt (1916) theory in Figures 6.2 b and c. No previous experimental results are 
available for ethylene glycol condensing on brass and bronze smooth tubes. 
6.3 Results for Condensation on Horizontal Pin-Fin Tubes 
Figures 6.3 and 6.4 plot the variation of heat flux with vapour-side temperature 
difference for all the tube and fluid combinations tested in the present investigation. 
The enhancing effects of the pins can clearly be seen as all the pin-fin tubes show 
substantially higher heat fluxes than the plain tube at the same vapour-side temperature 
difference.  Data for each tube were recorded on two different days to validate the 
repeatability of the results. Excellent repeatability (within the uncertainty limits given 
in Appendix C) was found for all the tube and fluid combinations tested. Coolant flow 
rate through the tubes was varied within a range of 8-27 l/min to get a wide range of 
heat fluxes for each tube. 
Figure 6.3 shows the variation of heat flux with vapour-side temperature difference for 
R-113 condensing on copper pin-fin tubes (Figures 6.3 a, d, e), brass pin-fin tubes 
(Figure 6.3 b) and bronze pin-fin tubes (Figure 6.3 c). A copper pin-fin tube P7 with a 
circumferential pin spacing and thickness of 0.5 mm gave the best performance, with 
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heat fluxes 5.5 to 6 times higher than the plain tube at the same vapour-side 
temperature difference.  
Figure 6.4 gives the variation of heat flux with vapour-side temperature difference for 
ethylene glycol condensing on copper pin-fin tubes (Figures 6.4 a, d, e, f, g), brass pin-
fin tubes (Figure 6.4 b) and bronze pin-fin tubes (Figure 6.4 c). Out of all the tubes 
tested for ethylene glycol, a copper pin-fin tube P6 with a circumferential pin spacing 
and thickness of 0.5 mm performed best, with heat fluxes 5 to 6 times higher than the 
plain tube at the same vapour-side temperature difference.  
Figures 6.3 and 6.4 also show data for “equivalent” integral-fin tubes i.e. with the same 
fin height and longitudinal fin spacing and thickness to that of the pin-fin tube. Figures 
6.3a, b and c and Figure 6.4a show equivalent finned tubes i.e. F1 and F2 to that of pin-
fin tubes P1 and P2 for condensation of R-113 and ethylene glycol respectively. In all 
these cases, simpler 2-dimensional fin tubes give higher heat transfer than tubes P1 and 
P2. It is due to the fact that tubes P1 and P2 actually have less surface area for heat 
transfer than equivalent finned tubes as the circumferential pin spacing is greater than 
the longitudinal pin thickness. Figures 6.4d and e also show data for finned tube F4 
with the same fin height and longitudinal fin thickness and spacing as tubes P4 and P6 
for condensation of ethylene glycol (no data were available for a finned tube equivalent 
to tubes P3 and P5). In these cases; tubes P4 and P6 outperform their finned tube 
equivalents. Since the circumferential spacing and longitudinal thickness are both      
0.5 mm for these two tubes, they have almost the same surface area as their finned tube 
equivalents but the fact that the flooding angle is larger for the pinned tubes (see 
Chapter 4, Figure 4.6) means there is more effective area i.e. area of the tube not 
blanked by condensate, available for heat transfer. Figures 6.3 d and e and 6.4 f and g 
show data for the pin-fin tubes P7 to P12 and for an equivalent integral-fin tube F3 for 
condensation of R-113 and ethylene glycol respectively. It should be noted that the data 
for condensation of R113 on tube F3 cover a very different range of vapour-side 
temperature difference than those for P7 to P12, due to very different coolant inlet 
temperatures. For comparison purposes F3 tube data is extrapolated using a best fit 
curve of the form, q = X ∆T n where X and n are constants found empirically. For these 
cases only two tubes P7 and P10 give higher heat fluxes than the equivalent integral-fin 
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tube F3. This is again due to the fact that these are the only two tubes with more 
effective area than tube F3 as circumferential pin spacing is equal to longitudinal pin 
thickness (0.5 mm) but pinned tubes have larger retention angles than equivalent finned 
tube (see Chapter 4, Figure 4.6). It should be noted that pinned tubes P8, P11 and P12 
have greater circumferential pin spacings than longitudinal pin thickness resulting to 
less surface areas than F3.  Above results will be discussed graphically later in section 
6.5. 
6.4 Vapour-Side, Heat-Transfer Enhancement Ratios 
6.4.1 Determination of Vapour-Side, Heat-Transfer Enhancement Ratios 
In order to better characterise and compare the performance of the various pin-fin and 
integral-fin tubes, it is important to carefully define a vapour-side, heat-transfer 
enhancement ratio. In the present investigation, it is defined as the ratio of the heat flux 
on the pin or fin tube based on the area of the plain tube to that of the heat flux on the 
plain tube, both evaluated at the same vapour-side temperature difference. The 
following two methods of calculating enhancement ratio are considered. 
Method 1 
In this method, the following type of expression was used to fit the heat flux for pin, fin 
and plain tubes at the same vapour-side temperature difference, 
q = X ∆T n                                             
A least squares fit of Eqn. (6.1) was carried out to the vapour-side data for the pin, fin 
and plain tubes to find values of constants X and n for every tube and fluid combination 
tested. The enhancement ratio of a pin or fin tube can then be calculated by evaluating 
Eqn. (6.1) at the same ∆T for pin or fin and plain tube. This method gives an accurate 
enhancement ratio which is dependent on the vapour-side temperature difference. 
(6.1) 
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Method 2 
Masuda and Rose (1987), while investigating integral-fin tubes, found most of their 
data were reasonably presented by the following type of expression for the               
free-convection condensation on horizontal plain tubes, 
q = X ∆T 0.75                                             
The enhancement ratio for the finned (or pinned) tube at constant vapour-side 
temperature difference was then found as, 
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Xfin or pin and Xplain in Eqn. (6.3) are found empirically for each tube and fluid 
combination. The enhancement ratio calculated using this method is obviously 
independent of the vapour-side temperature difference; however, the accuracy of this 
method is subjected to the close match of n to 0.75.  
Least squares fits of the form of Eqns. (6.1) and (6.2) were carried out for the present 
data and examples are shown in Figure 6.5. Solid lines passing through the data points 
are curves of the form of Eqn. (6.1) (q = X ∆T n) and dashed lines are curve fits of the 
form of Eqn. (6.2) (q = X ∆T 0.75). Table 6.5 lists results for all the tube and fluid 
combinations. 
It can be seen from Table 6.5 that values of n, calculated using method 1 for almost all 
the plain tube data, are very close to 0.75 as suggested by the Nusselt (1916) theory for 
condensation on plain tubes. This fact is also shown in Figures 6.5 a and b, where curve 
fits calculated using Eqn. (6.1) and Eqn. (6.2) for plain tubes pass through the data and 
almost overlap each other. For pin-fin tubes, however, as shown in Table 6.5, the 
calculated values of n using Eqn. (6.1) differ significantly in many cases from 0.75 and 
fall in a range of 0.2 to 0.9. Due to these large differences of value of n from 0.75, 
curve fits of the form of Eqn. 6.2 do not represent the experimental data reasonably; 
(6.3) 
(6.2) 
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examples are shown in Figure 6.5 for present data. These findings are in line with 
previously reported data on the pin-fin tubes by Briggs (2003) and Baiser and Briggs 
(2009) condensing R-113 and steam. Table 6.6 lists results for those investigations and 
it can be seen that the calculated values of n using method 1 fall below 0.75 in most of 
the cases. Such type of behavior of experimental data can be attributed to following two 
points, 
1.  Equation (6.2) (used in method 2) is a form of the Nusselt (1916) expression for free-
convection condensation on horizontal plain tubes, and it can not suppose to draw 
accurate results for 3-dimensional pin tubes (as the inclusion of pins on the plain tube 
involves many more geometric parameters to be considered which Nusselt (1916) 
expression does not include.) 
 
2. The equation (6.2) involves the assumption of constant condensate properties. In 
reality the condensate properties are temperature dependent and are evaluated, with 
exception of enthalpy, at the reference temperature, Tref, given as follows, 
 
௥ܶ௘௙ ൌ ௦ܶ௔௧ െ
2
3
∆ܶ 
The specific enthalpy of evaporation was calculated at Tsat. 
Table 6.7 shows the results of variation of condensate properties with the extremes of 
the condensate reference temperatures found in the present investigation. As can be 
seen from Table 6.7, the condensate density and thermal conductivity for both fluids are 
only weakly dependent on temperature. However, it is evident that for ethylene glycol, 
dynamic viscosity varies greatly with reference temperature. For ethylene glycol 
condensing on the pin-fin tubes, a variation in dynamic viscosity by a factor of two is 
found over the extremes of reference temperature. This variation in condensate 
properties together with the complex geometry of the pin-fin tubes is the reason for the 
poor fit of Eqn. (6.2) to the data. 
 
(6.4)
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Table 6.5 Results of Least Squares Fits of Vapour-Side Data (Present Data)  
Tube R-113 Ethylene Glycol 
 Method 1 
q = X ∆T n 
Method 2 
q = X ∆T 0.75
Method 1 
q = X ∆T n 
Method 2 
q = X ∆T 0.75
 X n X (n = 0.75) X n X (n = 0.75) 
 Copper 
Plain 2.54 0.796 2.96 7.83 0.742 7.51 
P1 13.03 0.655 9.68 138.2 0.362 20.83 
P2 26.67 0.530 13.77 146.1 0.421 31.44 
P3    370.5 0.215 30.18 
P4    436.9 0.229 40.27 
P5    375.9 0.202 28.46 
P6    431.2 0.242 42.83 
P7 42.53 0.451 17.24 223.4 0.357 36.50 
P8 63.76 0.270 13.13 154.9 0.395 28.78 
P10 36.56 0.498 16.90 223.2 0.357 35.50 
P11 11.90 0.749 11.88 162.4 0.397 31.22 
P12 31.68 0.434 11.67 124.2 0.422 26.22 
 Brass 
Plain 3.24 0.722 2.96 29.34 0.466 7.03 
P1 15.73 0.579 9.32 24.92 0.685 18.18 
P2 17.69 0.591 10.97 21.37 0.747 21.04 
 Bronze 
Plain 2.85 0.75 2.85 6.01 0.782 7.07 
P1 6.96 0.801 8.20 7.55 0.891 15.11 
P2 9.28 0.780 10.19 10.45 0.859 17.74 
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Table 6.6 Results of Least Squares Fits of Vapour-Side Data (Data of Briggs (2003) 
and Baiser and Briggs (2009))  
Tube R-113 Steam 
 Method 1 
q = X ∆T n 
Method 2 
q = X ∆T 0.75
Method 1 
q = X ∆T n 
Method 2 
q = X ∆T 0.75
 X n X (n = 0.75) X n X (n = 0.75) 
 Copper 
Plain 4.08 0.631 2.79 30.16 0.727 27.61 
P1 12.47 0.676 10.02 138.23 0.547 71.95 
P2 25.89 0.548 14.54 179.3 0.496 81.06 
P3 24.23 0.624 17.09 130.22 0.539 65.21 
P4 31.20 0.663 24.78 220.09 0.425 77.96 
P5 21.81 0.703 19.16 127.72 0.560 68.99 
P6 44.41 0.563 27.49 152.8 0.519 73.44 
P7    440.14 0.259 109.06 
P8    386.21 0.291 99.98 
P10    480.44 0.256 125.67 
P11    552.75 0.219 128.76 
P12    462 0.257 113.51 
 
6.4.2 Calculated Vapour-Side, Heat-Transfer Enhancement Ratios  
In this investigation, vapour-side, heat-transfer enhancement ratios were calculated for 
all the pin-fin tube and fluid combinations using method 1 and 2 as described above. 
For method 1, where n is variable and different (as listed in Tables 6.5 and 6.6) for each 
fluid and tube combination, the enhancement ratio is a function of vapour-side, 
temperature difference. Two temperature differences were chosen to evaluate the 
enhancement ratios using method 1, (a) a temperature difference near the middle of  the 
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Table 6.7 Variation of Condensate Properties with Reference Temperature for Present 
Investigation 
Fluid Tubes Tref / K ρ / (Mg/m3) k / (mW/m K) µ / (g/m s) 
 
 
Ethylene 
Glycol 
 
Plain 
359.4 1.07 265.7 2.72 
373.2 1.06 267.6 2.05 
 
Pin-fin 
375.8 1.05 268.0 1.95 
424.0 1.01 274.4 0.93 
 
 
R-113 
 
Plain 
298.8 1.56 75.0 0.66 
300.9 1.56 74.74 0.65 
 
Pin-fin 
300.9 1.56 74.58 0.65 
308.7 1.54 72.99 0.59 
data range for all the pin-fin tubes tested for each fluid and (b) a temperature difference 
representing the middle of the range of ∆T for each tube tested and calculated as the 
average of the extreme temperature differences for each tube i.e. ∆Tmean = (∆Tmin + 
∆Tmax) / 2. Note that for plain tubes, experimental data fall in between higher 
temperature differences in many cases especially for ethylene glycol than pin-fin tubes 
data, as discussed above curve fits of the form of Eqn. (6.1) for plain tubes were in 
excellent agreement with Nusselt (1916) theory so the data can be confidently 
extrapolated back towards the origin, passing through the temperature difference of 
interest (where the enhancement ratio was calculated).  
Tables 6.8 and 6.9 list the vapour-side, enhancement ratios calculated using methods 1 
and 2 for the present and earlier (Briggs (2003) and Baiser and Briggs (2009)) 
investigations on pin-fin tubes. Earlier data reported in Table 6.9 will be used for 
comparisons purposes later in the chapter. In general, both methods give similar 
enhancement ratios. Figures 6.6a and b, plotted as variation of vapour-side, 
enhancement ratio (calculated using method 1) with vapour-side temperature 
difference, show examples for condensation of ethylene glycol and R-113 on a copper 
tube P12 respectively. It can be seen that enhancement ratio is strongly dependent on 
temperature difference. For ethylene glycol, where condensate properties are greatly 
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dependent on reference temperature as discussed above (see Table 6.7), enhancement 
ratios calculated at the extreme temperature differences fall in a range of +7 % to -5 % 
to the mean value of enhancement ratio (calculated using method 1 (b)). For R-113, 
however, this variation in enhancement ratio is ±3 % to the mean value of enhancement 
ratio (calculated using method 1 (b)) over the extreme temperature differences. Method 
1 gives the most accurate value of enhancement ratio, but is strongly dependent on the 
temperature difference. Method 2 gives a slightly less accurate, “average” value of 
enhancement ratio that is independent of vapour-side temperature difference.  
The above analysis of enhancement ratios leads to the conclusion that method 1 (b) 
gives the most accurate value of enhancement ratio i.e. calculated at the actual mean 
temperature difference for each tube and fluid combination.  In the present 
investigation, all further analysis will be performed using enhancement ratios calculated 
by method 1 (b) and are listed in Table 6.8. In order to better compare the performance 
of the pin-fin and the equivalent integral-fin tubes, vapour-side enhancements ratios for 
the integral-fin tubes are also calculated using the same method (i.e. method 1(b)) as 
those for the pin-fin tubes and are listed in Table 6.10. 
6.5 Role of Active or Unflooded Area Enhancement Ratios and Retention Angle 
Ratios 
It was shown in Chapter 4 that all the pin-fin tubes tested in the present investigation 
have larger condensate retention angles than the equivalent integral-fin tubes (see 
Figure 4.6, Chapter 4). Despite the larger retention angles, however, only a few pin-fin 
tubes have shown higher heat fluxes than their equivalent integral-fin tubes when 
compared at the same vapour-side temperature difference (see section 6.3). This 
suggests that a larger retention angle is not the only deciding parameter for heat-
transfer, rather its effect on the active surface area. In this section, heat-transfer 
enhancement ratios for the pin-fin and their equivalent integral-fin tubes will be 
compared in the light of active area enhancement ratio. For a pin-fin tube, an active or 
unflooded area enhancement, is defined as the sum of the area of the pin tips plus the 
area of the flank and inter-pin roots above the flooding angle divided by the area of a 
plain tube with an outside diameter equal to the pin-fin tube root diameter (i.e. 
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calculated using Eqn. (4.4)). Note that for the pin-fin tubes measured retention angles 
(see Chapter 4, Table 4.2) are used in Eqn. (4.4) to calculate active area enhancement 
ratios whereas for the integral-fin tubes retention angles are found using Eqn. (4.1) 
given by Honda et al. (1983). Table 6.11 lists active or unflooded area enhancements 
for all tubes. 
Table 6.8 Calculated Vapour-Side Enhancement Ratios using Method 1 and Method 2 
for present data 
Tube R-113 Ethylene Glycol 
 Method 1 Method 2 Method 1 Method 2 
 (a) 
ε ∆T (= 21 K) 
(b) 
ε ∆T (=mean) 
 
ε ∆T (n = 0.75) 
(a) 
ε ∆T (= 100 K) 
(b) 
ε ∆T (=mean) 
 
ε ∆T (n = 0.75) 
 Copper 
P1 3.34 3.34 3.27 3.07 2.86 2.77 
P2 4.67 4.77 4.65 4.25 4.19 4.19 
P3    4.18 4.08 4.02 
P4    5.26 5.41 5.36 
P5    3.99 4.06 3.79 
P6    5.51 5.77 5.70 
P7 5.86 5.92 5.82 4.85 4.91 4.86 
P8 5.06 4.47 4.44 4.00 3.89 3.83 
P10 5.81 5.77 5.71 4.84 4.89 4.73 
P11 4.06 4.05 4.01 4.23 4.17 4.16 
P12 4.14 3.99 3.94 3.63 3.50 3.49 
 Brass 
P1 3.14 3.16 3.15 2.33 2.42 2.59 
P2 3.66 3.72 3.71 2.66 2.76 2.99 
 Bronze 
P1 2.85 2.85 2.88 2.07 2.14 2.14 
P2 3.57 3.56 3.58 2.48 2.52 2.51 
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Table 6.9 Calculated Vapour-Side Enhancement Ratios using Method 1 and Method 2 
for earlier data of Briggs (2003) and Baiser and Briggs (2009) 
Tube R-113 Steam 
 Method 1 Method 2 Method 1 Method 2 
 (a) 
ε ∆T (= 21 K) 
(b) 
ε ∆T (=mean) 
 
ε ∆T (n = 0.75) 
(a) 
ε ∆T (= 20 K) 
(b) 
ε ∆T (=mean) 
 
ε ∆T (n = 0.75) 
 Copper 
P1 3.50 3.48 3.59 2.67 2.59 2.61 
P2 4.95 5.02 5.21 2.98 2.91 2.93 
P3 5.82 5.83 6.13 2.46 2.34 2.36 
P4 8.42 8.32 8.88 2.95 2.80 2.82 
P5 6.63 6.51 6.87 2.57 2.47 2.50 
P6 8.88 9.16 9.85 2.72 2.61 2.66 
P7    3.59 3.86 3.95 
P8    3.47 3.59 3.62 
P10    3.87 4.41 4.55 
P11    4.0 4.50 4.66 
P12    3.75 3.98 4.11 
Table 6.10 Vapour-Side, Heat-Transfer Enhancement ratios of Equivalent Integral-Fin Tubes 
Tube ε ∆T (R-113) ε ∆T (Glycol) ε ∆T (Steam) ε ∆T (R-113) ε ∆T (R-113) 
 Copper Brass Bronze 
F1 3.97 3.11 1.90*  4.18 3.87 
F2 4.89 4.78 2.41*  4.88 5.12 
F3 5.50 4.23 2.63*    
F4 7.10* 4.64 2.28*   
* These enhancement ratios on integral-fin tubes are compared with the earlier data on pin-fin 
tubes reported by Briggs (2003) and Baiser and Briggs (2009). 
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Table 6.11 Active or Unflooded Area Enhancement Ratios for All Pin-Fin and 
Equivalent Integral-Fin Tubes 
 Water Ethylene Glycol R-113 
Tubes ׎௙ ߨ⁄   ߦarea-uf ׎௙ ߨ⁄   ߦarea-uf ׎௙ ߨ⁄   ߦarea-uf 
P1 0.58 1.17 0.75 1.32 0.93 1.79 
P2 0.54 1.51 0.69 1.89 0.90 2.42 
P3 0 0.36 0.29 1.15 0.69 2.26 
P4 0 0.41 0.3 1.75 0.71 3.58 
P5 0 0.28 0.33 1.16 0.78 2.39 
P6 0 0.34 0.35 1.88 0.73 3.56 
P7 0.5 1.52 0.66 1.95 0.8 2.33 
P8 0.61 1.44 0.74 1.64 0.9 2.06 
P10 0.46 1.44 0.63 1.89 0.8 2.34 
P11 0.56 1.40 0.68 1.67 0.86 2.08 
P12 0.61 1.36 0.7 1.54 0.86 1.87 
P1Brass 0.57 1.16 0.68 1.23 0.9 1.77 
P2Brass 0.61 1.59 0.71 1.92 0.92 2.43 
P1Bronze 0.57 1.16 0.68 1.23 0.9 1.77 
P2Bronze 0.56 1.53 0.71 1.92 0.9 2.42 
F1 0.17* 0.90 0.46* 1.40 0.74* 1.85 
F2 0.25* 1.41 0.50* 1.98 0.75* 2.65 
F3 0.42* 1.45 0.56* 1.69 0.77* 2.25 
F4 0.00* 0.63 0.11* 1.28 0.64* 3.42 
* Condensate retention angles calculated using eqn. 4.1 given by Honda et al. (1983) for 
integral-fin tube. 
Figures 6.7 and 6.8, plotted as vapour-side, heat-transfer enhancement ratio against 
active area enhancement ratio, compare the results for the present pin-fin tubes with 
their equivalent integral-fin tubes. Solid symbols represent heat-transfer enhancement 
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ratios for the pin-fin tubes whereas open symbols represent those for integral-fin tubes. 
Data for a pin-fin tube and its equivalent integral-fin tube are shown by the same 
shaped symbol. From the Figures it can be seen that heat-transfer enhancement ratios 
are strongly dependent on the active area enhancement ratios and for both fluids tested 
pin-fin tubes, only outperformed their equivalent integral-fin tubes when the active area 
enhancement is larger. 
For ethylene glycol, as shown in Figure 6.7b, pin-fin tubes P4 and P6 outperformed 
their equivalent finned tube F4 by 18 % and 24 % respectively. Also pin-fin tubes P7 
and P10 outperformed their integral-fin tube equivalent F3 (see Figure 6.7c) by 17 %. 
Overall, pin-fin tube P6 with a circumferential thickness and spacing of 0.5 mm show 
the best heat-transfer enhancement ratio of 5.8. This figure of heat-transfer 
enhancement ratio is about 20 % more than the best heat-transfer enhancement ratio 
found in the open literature for a simple integral-fin tube i.e. 4.8 reported by Briggs et 
al. (1992) for a tube with fin spacing of 1.0 mm, thickness of 0.5 mm and a height of 
1.6 mm. 
For R-113, as can be seen from Figure 6.8 b, only pin-fin tubes P7 and P10 have larger 
active area enhancements than their equivalent integral-fin tube F3 and give about 9 % 
higher heat-transfer enhancement ratios than equivalent F3. These results for R-113 are 
in line with earlier investigation. Figure 6.9 a is a plot of heat-transfer enhancements 
with active area enhancements for R-113 data reported by Briggs (2003) and it can be 
seen only those tubes having larger active area ratios i.e. P4 and P6 outperformed their 
equivalent integral-fin tube F4 in terms of heat-transfer enhancement.   
Figures 6.9b, c and d plotted as heat-transfer enhancement against active area 
enhancement, compare data for steam condensing on the pin-fin tubes reported by 
Briggs (2003) and Baiser and Briggs (2009) with their equivalent integral-fin tubes. As 
expected it can be seen from Figure 6.9 b that the pin-fin tubes P1 and P2 outperform 
their equivalent integral-fin tubes F1 and F2 due to the reason of larger active area 
enhancements. Nevertheless, it is interesting to note from Figure 6.9 c that the pin-fin 
tubes P4 and P6 despite of the fact of less active surface area outperformed their 
equivalent tube F4 by 23 % and 14 % respectively. Same is true for the pin-fin tubes P7 
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to P12 reported by Baiser and Briggs (2009) as shown in Figure 6.9 d, pin-fin tubes 
have less or equal active areas to their equivalent integral-fin tube F3 but outperformed 
it in a range of 36 % to 71 %.  This superior performance of the pin-fin tubes with less 
active surface areas than equivalent integral-fin tubes, as suggested by Baiser and 
Briggs (2009) is due to the fact that by creating the pins a relatively fewer large 
surfaces (fin tips and flanks for integral-fin tube) are replaced with many more smaller 
surfaces (pin tips and flanks for pin-fin tube). These smaller surfaces are far more 
efficient for surface tension driven flows. The sharp changes in surface curvature result 
in surface tension induced pressure gradients which help thinning the condensate layer 
and in turn result into more heat transfer.  
Figure 6.10, plots heat-transfer enhancements against unflooded-area enhancements, 
compare the data of present investigation for ethylene glycol and R-113 and those of 
Briggs (2003) and Baiser and Briggs (2009) for R-113 and steam on the same set of 
pin-fin tubes. Although the physical properties of refrigerants, ethylene glycol and 
steam are very different, it is interesting to note all the data fall close to a single curve, 
increasing heat-transfer enhancement ratio with active-area enhancement; the former 
being approximately twice the latter for most of the range of the data. 
6.6 Effect of Circumferential Pin Spacing and Thickness 
Figure 6.11, plotted as dependence of vapour-side, heat-transfer enhancement ratio on 
circumferential pin spacing with circumferential pin thickness as a parameter, shows 
data of the present investigation for R-113 and ethylene glycol and also of Baiser and 
Briggs (2009) for steam. From Figures 6.11 a and b it can be seen that for the present 
data of R-113 and ethylene glycol, heat-transfer enhancements increase significantly 
with a decrease in circumferential pin spacing. For the range of circumferential 
spacings tested in this project, a spacing of 0.5 mm gave the best heat-transfer 
enhancements. For both fluids tested, the data suggest that optimum circumferential pin 
spacing may be below 0.5 mm, the smallest tested here. Heat-transfer enhancements 
show a weak dependence on circumferential pin thickness, as can be seen from Figures 
6.11 a and b. Figure 6.11c is a plot of steam data of Baiser and Briggs (2009), heat-
transfer enhancements show a weak dependence on circumferential pin spacing but a 
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stronger dependence on circumferential pin thickness, a circumferential pin thickness of 
1 mm giving significantly higher heat-transfer enhancements than a circumferential pin 
thickness of 0.5 mm. As can be seen from Table 6.11, tubes with greater 
circumferential thickness (P10, P11 and P12) generally have the same unflooded area 
available as tubes with smaller circumferential thickness (P7 and P8), however, the 
better performance of thick pinned tubes could be due to the decrease in thermal 
resistance and increase in fin efficiency with increasing pin thickness. 
6.7 Effects of Pin Height and Thermal Conductivity 
Figures 6.12 a and b show variation of vapour-side, heat-transfer enhancements with 
pin height for copper tubes tested with ethylene glycol and R-113 respectively. An 
increase in the pin height shows a significant improvement in heat-transfer 
enhancements for both fluids. This increase in the heat-transfer enhancements is 
primarily due to the gain in active surface area with pin height. For R-113, these results 
are in agreement with the findings of Briggs (2003) as shown in Figure 6.12c. Figure 
6.12d shows data of Briggs (2003) for steam and it can be seen that heat-transfer 
enhancements are not greatly affected by pin height. This weak dependence of heat-
transfer enhancement on the pin height could be due to the fact that these pairs of tubes 
were highly flooded with condensate (in fact P3 to P6 are completely flooded, see 
Table 6.11), and hence for these tubes there was a marginal increase in unflooded area 
enhancements due to the increase in the pin tip area only (it should be noted that pins 
are made by machining longitudinal grooves radially inward so circumferential pin tip 
thickness increases slightly with increasing pin height).  
Figures 6.13 a and b, plotted as variation of vapour-side, heat-transfer enhancement 
ratios with the pin height, compare thermal conductivity affects for three identical pairs 
of tubes, with the same geometry but made of copper, brass and bronze, condensing 
ethylene glycol and R-113 respectively. For both fluids, copper tubes show the best 
performance followed by brass tubes and then bronze tubes which show the poorest 
performance. For ethylene glycol as shown in Figure 6.13 a, there are significant effects 
of thermal conductivity at both pin heights tested; however, the gain in heat-transfer 
enhancement is more dominant for copper tubes with increasing pin height. A copper 
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tube with a pin height of 1.6 mm gives heat-transfer enhancement of 4.19, about 52 % 
and 66 % more than the equivalent brass and bronze tubes respectively. For R-113, the 
effect of thermal conductivity is relatively small; a marginal difference in heat-transfer 
enhancement can be seen at pin height of 0.9 mm as shown in Figure 6.13 b. However, 
a noticeable improvement can be seen for copper tube at the pin height of 1.6 mm, i.e. 
an enhancement ratio of 4.77 by about 28 % and 34 % more than the equivalent brass 
and bronze tubes respectively. 
6.8 Conclusions and Recommendations 
Experimental data are presented for condensation of R-113 and ethylene glycol at 
atmospheric pressure and low vapour velocity on three-dimensional pin-fin and plain 
tubes made of copper, brass and bronze. For all tubes, data were recorded on two 
different days and showed excellent repeatability. 
All plain tubes data obtained in the present study show a good agreement with the 
Nusselt (1916) theory for free-convection condensation on horizontal plain tubes and 
also with the experimental data reported earlier. 
Two methods were used to calculate vapour-side, heat-transfer enhancement ratios. 
Method 1 (a and b) gives accurate heat-transfer enhancement ratios which are 
dependent on the vapour-side, temperature difference.  Method 2, involving least 
square fits of the data to an expression based on Nusselt’s (1916) theory for 
condensation of stationary vapour on horizontal plain tubes, gives a heat-transfer 
enhancement ratio which is slightly less precise, but is independent of vapour-side 
temperature difference. Heat-transfer enhancements calculated using both methods 
show a good agreement with each other in a close range. 
Pin-fin tubes tested with ethylene glycol and R-113 have been compared with their 
equivalent integral-fin tubes. For both fluids, only pin-fin tubes with larger active area 
enhancement ratios gave higher heat-transfer enhancement ratios than equivalent 
integral-fin tubes. Heat-transfer enhancements were found to be strongly dependent on 
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the active surface area and were about 2.5 times the active area enhancement ratios for 
most tube and fluid combinations tested.  
For ethylene glycol, pin-fin tube P6 with a circumferential pin thickness and spacing of 
0.5 mm gave the best heat-transfer enhancement ratio of 5.8. This figure of heat-
transfer enhancement ratio is about 20 % more than the best heat-transfer enhancement 
ratio found for a simple integral-fin tube which was 4.8 reported by Briggs (1992) for a 
tube with fin spacing of 1.0 mm, thickness of 0.5 mm and a height of 1.6 mm. For      
R-113, pin-fin tube P7 with a circumferential pin thickness and spacing of 0.5 mm 
showed the highest heat-transfer enhancement of 5.9, which was 9 % higher than the 
equivalent integral-fin tube. 
For both fluids i.e. ethylene glycol and R-113, heat-transfer enhancement was found to 
increase with decreasing circumferential pin spacing and increasing pin height. The 
data suggest that an optimum value of circumferential pin spacing may be below 0.5 
mm, the smallest tested here. Pin-fin tubes with larger pin height than 1.6 mm, the 
largest tested here, would give higher heat-transfer enhancements due to the reason of 
strong dependence on available active surface area. Data show a weak dependence on 
circumferential pin thickness, as indicated the effect of circumferential pin thickness 
becomes marginal with decreasing circumferential pin spacing for both fluids tested. 
For ethylene glycol, thermal conductivity showed significant effects on heat-transfer 
enhancements at both pin heights tested, however, the gain in heat-transfer 
enhancement with increasing pin height was much more dominant for copper tubes 
compare to the brass and bronze tubes. A copper pin-fin tube (P2) with a pin height of 
1.6 mm gave about 2 times higher heat-transfer enhancement than the equivalent 
bronze pin-fin tube. For R-113, thermal conductivity effects were relatively weaker 
than ethylene glycol. Only a marginal effect of thermal conductivity was found at a pin 
height of 0.9 mm, but a copper pin-fin tube with a pin height of 1.6 mm showed about 
1.3 times higher heat-transfer enhancement than brass and bronze pin-fin tubes with 
same geometry. 
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Chapter 7 
A Semi-Empirical Model for Free-Convection Condensation on Horizontal       
Pin-Fin Tubes 
7.1 Introduction 
In this section, a simple and reliable semi-empirical model to predict vapour-side, heat-
transfer enhancement ratio for condensation on horizontal copper pin-fin tubes has been 
developed. The proposed model is based on an approach adopted in the models of Rose 
(1994) and Briggs and Rose (1994) i.e. a dimensional analysis to combine the effect of 
gravity and surface tension for condensation on horizontal integral-fin tubes. The model 
is analyzed and validated in the light of present and earlier data for condensation on 
copper pin-fin tubes. 
The present and earlier experimental data of condensation on copper pin-fin tubes are 
also compared to Kumar at al. (2002), the only other available model for predicting 
heat-transfer coefficients on pin-fin tubes. 
7.2 Comparison of Present and Earlier Experimental Data with Model of Kumar 
et al. (2002) for Free-Convection Condensation on Pin-Fin Tubes 
Kumar et al. (2002) proposed a generalized empirical model to predict the vapour-side, 
heat-transfer coefficient on integral-fin and pin-fin tubes. They proposed that the heat-
transfer coefficient was a function of fluid properties, tube geometry and condensate 
mass flow rate. Their model has been discussed in detail in Chapter 2 under section 
2.3.3.2. Here, the resultant Eqns. (Eqn. (2.41) to Eqn. (2.45)) are used to predict heat-
transfer coefficients for present data and earlier data reported by Briggs (2003) and 
Baiser and Briggs (2009) for condensation of ethylene glycol, R-113 and steam on 
copper pin-fin tubes. 
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Figures 7.1a, b and c, plotted as observed vapour-side, heat-transfer coefficients against 
calculated heat-transfer coefficients, compare the present data for ethylene glycol and 
R-113 condensing on copper pin-fin tubes with the model of Kumar et al. (2002). It can 
be seen that the majority of the data for ethylene glycol and all of the data for R-113 is 
under predicted by the model. Figure 7.2a compares the model with experimental data 
of Briggs (2003) for condensation of R-113 on copper pin-fin tubes, again all the 
experimental data is under predicted by the model for this fluid. Figures 7.2b and c 
compare experimental data for condensation of steam on copper pin-fin tubes reported 
by Briggs (2003) and Baiser and Briggs (2009), the majority of this data is over 
predicted by the model. From the above comparisons it can be concluded that the model 
is not adequate for copper pin-fin tubes. Similarly poor performance of the model has 
been reported by Cavallini et al. (2003) and Namasivayam (2006) for copper integral-
fin tubes. One possible reason for the inadequate performance of the model might be 
neglect of condensate retention on the lower part of the tubes. In addition, the model is 
based on the assumption of a linear pressure gradient along the pin or fin flank which 
has been shown to give poor results for integral-fin tubes (see Briggs and Rose (1995)). 
Figures 7.3 and 7.4 are the plots of mass flow rates against vapour-side, heat-transfer 
coefficients for Kumar et al. (2002) model with present and earlier experimental data 
respectively. 
7.3 Development of a Semi-Empirical Model for Condensation on Horizontal   
Copper Pin-Fin Tubes 
7.3.1 Generalized Equations of Condensation Heat-Transfer Accounting for the 
Effects of Gravity and Surface Tension 
The model is based on the approach of Rose (1994) and Briggs and Rose (1994). They 
combined the Nusselt (1916) theory for gravity drained condensation with dimensional 
analysis to account for the effect of surface tension and proposed the following 
expression for heat flux, 
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For a plate at angle ׎ to the vertical, 
 
ݍ௅ ൌ ቊ
ߩ݄௙௚݇ଷ∆ܶଷ
ߤ
൬
ܣ௅ߩ෤݃ cos ׎
ݔ௅
൅
ܤߪ
ݔఙଷ
൰ቋ
ଵ ସ⁄
 
Where, ݔ௅ = linear dimension of plate length, ܣ௅= 0.943
4 as suggested by Nusselt 
(1916) theory for a vertical plate and ܤ is a constant for surface tension driven flow. 
For a horizontal tube, 
 
ݍௗ ൌ ቊ
ߩ݄௙௚݇ଷ∆ܶଷ
ߤ
൬
ܣ஽ߩ෤݃
ݔ஽
൅
ܤߪ
ݔఙଷ
൰ቋ
ଵ ସ⁄
 
Where, ݔ஽ = linear dimension of tube diameter, ܣ஽= 0.728
4 as suggested by Nusselt 
(1916) theory for a horizontal whole tube i.e. ׎௙= ߨ. For the case of an integral-fin or 
pin-fin tube, where the lower part of tube retains condensate, this value can be adjusted 
as ܣ஽ = ൛ߦ൫׎௙൯ൟ
ଷ
. ߦ൫׎௙൯ for the appropriate flooding angle was approximated by Rose 
(1994) as, 
 
ߦ൫׎௙൯ ൌ  0.874  ൅  0.1991 ൈ 10ିଶ׎௙  െ  0.2642 ൈ 10ିଵ׎௙
ଶ  ൅  0.5530 ൈ 10ିଶ׎௙
ଷ െ
 0.1363 ൈ 10ିଶ׎௙
ସ 
Where,  ׎௙= flooding angle and for pin-fin tubes is calculated using Eqn. (4.2). 
In Eqns. 7.1 and 7.2, ݔఙ is the characteristic dimension for surface tension driven flow 
and for the case of pin-fin tubes, it is assumed as a ratio of area to perimeter for an 
appropriate condensing surface i.e. ݔఙ ൌ ܣ/ܲ. The reason for this adoption is that ݔఙ 
appears in the denominator of the above expressions of heat flux and so as its value 
goes down this will have a positive effect on heat flux. Since surface tension effects 
will be most significant at the edges of the surfaces where there are sharp changes in 
condensate surface curvature, surfaces with larger perimeters and smaller areas would 
be expected to have higher average heat fluxes. This is one of the reasons why 
(7.1) 
(7.2) 
(7.3) 
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experimentally pin-fin tubes have shown a superior performance than simple integral-
fin tubes, especially for the data of steam (where water has a higher value of surface 
tension) reported by Briggs (2003) and Baiser and Briggs (2009), despite of the fact 
that most of the pin-fin tubes had less effective surface area than equivalent integral-fin 
tubes. 
7.3.2 Expressions for Condensation Heat-Transfer Rate on Pin-Fin Tube  
In this section, Eqns. (7.1) and (7.2) are applied to the appropriate regions of the pin-fin 
tube to find expressions for heat-transfer rate. Figure 7.5 identifies five different 
regions on the pin-fin tubes for heat-transfer i.e. pin tip, pin flank 1, pin flank 2, pin 
root 1 and pin root 2. For the pin tip where there is no condensate flooding, all pin tips 
are considered active for heat transfer around the tube. For pin flanks and pin roots, 
there will be heat transfer only in the unflooded regions of the tube i.e. through pin 
flanks and pin roots not blanked by the retained condensate. 
Pin Tip 
For a pin i making an angle ߶ to the vertical axis as shown in Figure 7.6, a pin tip with 
a longitudinal thickness of t and circumferential thickness of tc can be treated as a flat 
plate. Applying Eqn. (7.1) to pin tip with ܣ௅ ൌ 0.943ସ,  ݔ௅ ൌ ݐ௖ and ݔఙ ൌ ܣ௧௜௣ ௧ܲ௜௣⁄ , 
the heat flux can be written as, 
 
ݍ௧௜௣,௜ ൌ ൥
ߩ݄௙௚݇ଷ∆ܶଷ
ߤ
൝
0.943ସߩ෤݃ sin ׎
ݐ௖
൅
ܤ௧௜௣ߪ
൫ܣ௧௜௣ ௧ܲ௜௣⁄ ൯
ଷൡ൩
ଵ ସ⁄
 
Where ܤ௧௜௣ is an unknown constant and ܣ௧௜௣ ௧ܲ௜௣⁄  is the area to perimeter ratio for the 
pin tip as follows, 
 
ܣ௧௜௣
௧ܲ௜௣
ൌ
ݐ௖ݐ
2ሺݐ௖ ൅ ݐሻ
 
(7.4) 
(7.5) 
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When the total number of pins per circumference is n, angle ߶  for pin number i 
(counting from the top) can be given as, 
 
׎ ൌ
݅
݊/2
ߨ 
Substituting Eqn. (7.5) into Eqn. (7.4) and multiplying by pin tip area gives the 
following expression of the heat-transfer rate for pin tip i, 
 
ܳ௧௜௣,௜ ൌ ݐ௖ݐ
ۏ
ێ
ێ
ۍߩ݄௙௚݇ଷ∆ܶଷ
ߤ
ە
۔
ۓ0.943ସߩ෤݃ sin ׎
ݐ௖
൅
ܤ௧௜௣ߪ
൬ ݐ௖ݐ2ሺݐ௖ ൅ ݐሻ
 ൰
ଷ
ۙ
ۘ
ۗ
ے
ۑ
ۑ
ې
ଵ ସ⁄
 
Finally, heat-transfer rate for all the pin tips around the circumference can be obtained 
as, 
 
ܳ௧௜௣ ൌ 2෍ݐ௖ݐ
ۏ
ێ
ێ
ۍߩ݄௙௚݇ଷ∆ܶଷ
ߤ
ە
۔
ۓ0.943ସߩ෤݃ sin ׎
ݐ௖
൅
ܤ௧௜௣ߪ
൬ ݐ௖ݐ2ሺݐ௖ ൅ ݐሻ
 ൰
ଷ
ۙ
ۘ
ۗ
ے
ۑ
ۑ
ې
ଵ ସ⁄
௡/ଶ
௜ୀଵ
 
Pin Flank 1 
For pin flank 1(see Figure 7.5) with a longitudinal thickness t and height h, making an 
angle ߶ with the vertical plane as shown in Figure 7.6, Eqn. 7.1 with ܣ௅ ൌ 0.943ସ,  
ݔ௅ ൌ ݄ and ݔఙ ൌ ܣ௙௟௔௡௞ ଵ ௙ܲ௟௔௡௞ ଵ⁄ , becomes, 
 
ݍ௙௟௔௡௞ ଵ,௜ ൌ ൥
ߩ݄௙௚݇ଷ∆ܶଷ
ߤ
൝
0.943ସߩ෤݃|cos ׎|
݄
൅
ܤ௙௟௔௡௞ ଵߪ
൫ܣ௙௟௔௡௞ ଵ ௙ܲ௟௔௡௞ ଵ⁄ ൯
ଷൡ൩
ଵ ସ⁄
 
Where ܤ௙௟௔௡௞ ଵ is an unknown constant and ܣ௙௟௔௡௞ ଵ ௙ܲ௟௔௡௞ ଵ⁄  is the area to perimeter 
ratio for pin flank 1 given as, 
(7.6)
(7.7) 
(7.8) 
(7.9) 
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ܣ௙௟௔௡௞ ଵ
௙ܲ௟௔௡௞ ଵ
ൌ
݄ݐ
2ሺݐ ൅ ݄ሻ
 
Substituting Eqn. (7.10) into Eqn. (7.9) and multiplying by area gives, 
 
ܳ௙௟௔௡௞ ଵ,௜ ൌ ݄ݐ
ۏ
ێ
ێ
ۍߩ݄௙௚݇ଷ∆ܶଷ
ߤ
ە
۔
ۓ0.943ସߩ෤݃|cos ׎|
݄
൅
ܤ௙௟௔௡௞ ଵߪ
൬ ݄ݐ2ሺݐ ൅ ݄ሻ൰
ଷ
ۙ
ۘ
ۗ
ے
ۑ
ۑ
ې
ଵ ସ⁄
 
Finally for total number of pins in the unflooded region j, the following expression 
gives heat transfer rate for all pin flanks 1, 
 
ܳ௙௟௔௡௞ ଵ ൌ 4෍݄ݐ
ۏ
ێ
ێ
ۍߩ݄௙௚݇ଷ∆ܶଷ
ߤ
ە
۔
ۓ0.943ସߩ෤݃|cos׎|
݄
൅
ܤ௙௟௔௡௞ ଵߪ
൬ ݄ݐ2ሺݐ ൅ ݄ሻ൰
ଷ
ۙ
ۘ
ۗ
ے
ۑ
ۑ
ې
ଵ ସ⁄
௝/ଶ
௜ୀଵ
 
Where  j can be calculated as, 
 
݆ ൌ ݊
׎௙
ߨ
 
Pin Flank 2 
Applying Eqn. (7.1) to pin flank 2 (see Figure 7.5) with ܣ௅ ൌ 0.943ସ,  ݔ௅ ൌ ݄௩ and 
ݔఙ ൌ ܣ௙௟௔௡௞ ଶ ௙ܲ௟௔௡௞ ଶ⁄  gives, 
 
ݍ௙௟௔௡௞ ଶ,௜ ൌ ൥
ߩ݄௙௚݇ଷ∆ܶଷ
ߤ
൝
0.943ସߩ෤݃
݄௩
൅
ܤ௙௟௔௡௞ ଶߪ
൫ܣ௙௟௔௡௞ ଶ ௙ܲ௟௔௡௞ ଶ⁄ ൯
ଷൡ൩
ଵ ସ⁄
 
(7.10) 
(7.11) 
(7.12) 
(7.13) 
(7.14)
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Where ܤ௙௟௔௡௞ ଶ is an unknown constant and ܣ௙௟௔௡௞ ଶ ௙ܲ௟௔௡௞ ଶ⁄  is the area to perimeter 
ratio for pin flank 2, given as, 
 
ܣ௙௟௔௡௞ ଶ
௙ܲ௟௔௡௞ ଶ
ൌ
݄ݐ௖
2ሺݐ௖ ൅ ݄ሻ
 
݄௩ in Eqn. (7.14) is a mean vertical pin height (see Figure 7.7) for a pin making angle ߶ 
with vertical axis, can be approximated as, 
 
݄௩ ൌ
݄ݐ௖
ቚඥ݄ଶ ൅ ݐ௖ଶ sinሺ׎ ൅ ߚሻቚ
 
Where,  
ߚ ൌ tanିଵሺݐ௖ ݄⁄ ሻ 
Substituting Eqn. (7.15) and Eqn. (7.16) into Eqn. (7.14) and multiplying by area gives, 
 
ܳ௙௟௔௡௞ ଶ,௜ ൌ ݄ݐ௖
ۏ
ێ
ێ
ێ
ۍ
ߩ݄௙௚݇ଷ∆ܶଷ
ߤ
ە
ۖ
۔
ۖ
ۓ
0.943ସߩ෤݃
݄ݐ௖
ቚඥ݄ଶ ൅ ݐ௖ଶ sinሺ׎ ൅ ߚሻቚ
 
൅
ܤ௙௟௔௡௞ ଶߪ
൬ ݄ݐ௖2ሺݐ௖ ൅ ݄ሻ
൰
ଷ
ۙ
ۖ
ۘ
ۖ
ۗ
ے
ۑ
ۑ
ۑ
ې
ଵ ସ⁄
 
For total number of pins in the unflooded region j, the expression for heat transfer rate 
for all pin flanks 2 can be written as, 
 
ܳ௙௟௔௡௞ ଶ ൌ 4෍݄ݐ௖
ۏ
ێ
ێ
ێ
ۍ
ߩ݄௙௚݇ଷ∆ܶଷ
ߤ
ە
ۖ
۔
ۖ
ۓ
0.943ସߩ෤݃
݄ݐ௖
ቚඥ݄ଶ ൅ ݐ௖ଶ sinሺ׎ ൅ ߚሻቚ
 
൅
ܤ௙௟௔௡௞ ଶߪ
൬ ݄ݐ௖2ሺݐ௖ ൅ ݄ሻ
൰
ଷ
ۙ
ۖ
ۘ
ۖ
ۗ
ے
ۑ
ۑ
ۑ
ې
ଵ ସ⁄
௝/ଶ
௜ୀଵ
 
 
(7.15) 
(7.16) 
(7.17) 
(7.18) 
(7.19) 
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Pin Root 1 
Pin root 1 can be treated as horizontal plain tube with the inclusion of condensate 
flooding at lower part of tube as in Rose (1994). Applying Eqn. (7.2) with                 
ܣ஽ ൌ ൛ߦ൫׎௙൯ൟ
ଷ
, ݔ஽ ൌ ݀ and ݔఙ ൌ ܣ௥௢௢௧ ଵ ௥ܲ௢௢௧ ଵ⁄ , gives the following expression for 
heat flux,  
 
ݍ௥௢௢௧ ଵ ൌ ൝
ߩ݄௙௚݇ଷ∆ܶଷ
ߤ
൭
൛ߦ൫׎௙൯ൟ
ଷ
 ߩ෤݃
݀
൅
ܤ௥௢௢௧ ଵߪ
ሺܣ௥௢௢௧ ଵ ௥ܲ௢௢௧ ଵ⁄ ሻଷ
൱ൡ
ଵ ସ⁄
 
Where, ߦ൫׎௙൯ can be calculated using Eqn. (7.3), ܤ௥௢௢௧ ଵ is an unknown and 
ܣ௥௢௢௧ ଵ ௥ܲ௢௢௧ ଵ⁄  is area to perimeter ratio for pin flank 1 and can be approximated as, 
 
ܣ௥௢௢௧ ଵ
௥ܲ௢௢௧ ଵ
ൌ
׎௙݀ݏ
2ݐ௖݆
 
Where, ݏ is longitudinal pin spacing and ݆ is number of pins in unflooded part of the 
tube calculated using Eqn. (7.13).  Substituting Eqn. (7.21) into Eqn. (7.20) and 
multiplying by the area, the heat transfer rate can be written as, 
 
ܳ௥௢௢௧ ଵ ൌ ׎௙݀ݏ
ە
ۖ
۔
ۖ
ۓ
ߩ݄௙௚݇ଷ∆ܶଷ
ߤ
ۉ
ۈ
ۇ൛ߦ൫׎௙൯ൟ
ଷ
 ߩ෤݃
݀
൅
ܤ௥௢௢௧ ଵߪ
൬
׎௙݀ݏ
2ݐ௖݆
൰
ଷ
ی
ۋ
ۊ
ۙ
ۖ
ۘ
ۖ
ۗ
ଵ ସ⁄
 
Pin Root 2 
Since the circumferential pin spacing is usually quite small compared to the 
circumference of the tube pin root 2 can be approximated to a flat plate. By applying 
Eqn. (7.1) with ܣ௅ ൌ 0.943ସ,  ݔ௅ ൌ ݏ௖ and ݔఙ ൌ ܣ௥௢௢௧ ଶ ௥ܲ௢௢௧ ଶ⁄ , the expression for the 
heat flux for a pin root 2 can be written as,  
(7.20)
(7.21) 
(7.22) 
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ݍ௥௢௢௧ ଶ,௜ ൌ ቈ
ߩ݄௙௚݇ଷ∆ܶଷ
ߤ
ቊ
0.943ସߩ෤݃ sin ׎
ݏ௖
൅
ܤ௥௢௢௧ ଶߪ
ሺܣ௥௢௢௧ ଶ ௥ܲ௢௢௧ ଶ⁄ ሻଷ
ቋ቉
ଵ ସ⁄
 
Where, ܤ௥௢௢௧ ଶ is an unknown constant, ݏ௖ is circumferential pin spacing, ߶ can be 
calculated using Eqn. (7.13) and ܣ௥௢௢௧ ଶ ௥ܲ௢௢௧ ଶ⁄  is the area to perimeter ratio for pin    
root 2 given by, 
 
ܣ௥௢௢௧ ଶ
௥ܲ௢௢௧ ଶ
ൌ
ݏ௖ݐ
2ݐ
ൌ
ݏ௖
2
 
Substituting Eqn. (7.24) into Eqn. (7.23) and multiplying by the area gives the 
following expression of heat-transfer rate, 
 
ܳ௥௢௢௧ ଶ,௜ ൌ ݏ௖ݐ ቎
ߩ݄௙௚݇ଷ∆ܶଷ
ߤ
ቐ
0.943ସߩ෤݃ sin ׎
ݏ௖
൅
ܤ௥௢௢௧ ଶߪ
ቀݏ௖2  ቁ
ଷ ቑ቏
ଵ ସ⁄
 
Finally, heat-transfer rate for  j pins in the unflooded region is given by, 
 
ܳ௥௢௢௧ ଶ ൌ 2෍ݏ௖ݐ ቎
ߩ݄௙௚݇ଷ∆ܶଷ
ߤ
ቐ
0.943ସߩ෤݃ sin ׎
ݏ௖
൅
ܤ௥௢௢௧ ଶߪ
ቀݏ௖2ቁ
ଷ ቑ቏
ଵ ସ⁄௝/ଶ
௜ୀଵ
 
7.3.3 Vapour-Side, Heat-Transfer Enhancement Ratio 
The total heat-transfer rate through a pin-fin tube for one longitudinal pin pitch can be 
written as a sum of the heat-transfer rates to the pin tips, pin flanks and inter-pin roots 
as, 
 
ܳ ൌ ܳ௧௜௣ ൅ ܳ௙௟௔௡௞ ଵ ൅ ܳ௙௟௔௡௞ ଶ ൅ ܳ௥௢௢௧ ଵ ൅ ܳ௥௢௢௧ ଶ 
(7.24) 
(7.25)
(7.26) 
(7.23)
(7.27) 
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The vapour-side, heat-transfer enhancement ratio of the pin-fin tube at constant 
temperature difference can be defined as the total heat-transfer rate to one longitudinal 
pin pitch of the pin-fin tube, divided by the heat-transfer rate to a plain tube of length 
equal to longitudinal pin pitch and diameter equal to the pin root diameter, 
 
ߝ∆் ൌ
ܳ௧௜௣ ൅ ܳ௙௟௔௡௞ ଵ ൅ ܳ௙௟௔௡௞ ଶ ൅ ܳ௥௢௢௧ ଵ ൅ ܳ௥௢௢௧ ଶ
ܳ௣௟௔௜௡
 
Where, ܳ௣௟௔௜௡ can be found from the Nusselt (1916) theory of free-convection 
condensation on horizontal plain tubes as, 
 
ܳ௣௟௔௜௡ ൌ ߨ݀ሺݐ ൅ ݏሻ ቊ0.728ቆ
ߩߩ෤݄݃௙௚݇ଷ∆ܶଷ
ߤ݀
ቇቋ 
Substituting Eqns. (7.8), (7.12), (7.19), (7.22), (7.26) and (7.29) into Eqn. (7.28), the 
final expression for vapour-side, heat-transfer enhancement ratio for a rectangular pin-
fin tube can be written as, 
ߝ∆் ൌ
2ݐ௖ݐ
0.728ߨ݀ሺݏ ൅ ݐሻ
෍
ۏ
ێ
ێ
ۍ
ە
۔
ۓ
0.943ସ sin ׎
݀
ݐ௖
൅ ܤ௧௜௣
݀
൬ ݐ௖ݐ2ሺݐ௖ ൅ ݐሻ
 ൰
ଷ
ߪ
ߩ෤݃
ۙ
ۘ
ۗ
ے
ۑ
ۑ
ې
ଵ ସ⁄
 
௡/ଶ
௜ୀଵ
 
൅
4݄ݐ
0.728ߨ݀ሺݏ ൅ ݐሻ
෍
ۏ
ێ
ێ
ۍ
ە
۔
ۓ
0.943ସ|cos ׎|
݀
݄
൅ ܤ௙௟௔௡௞ଵ
݀
൬ ݄ݐ2ሺ݄ ൅ ݐሻ ൰
ଷ
ߪ
ߩ෤݃
ۙ
ۘ
ۗ
ے
ۑ
ۑ
ې
ଵ ସ⁄
 
௝/ଶ
௜ୀଵ
 
൅
4݄ݐ௖
0.728ߨ݀ሺݏ ൅ ݐሻ
෍
ۏ
ێ
ێ
ێ
ۍ
ە
ۖ
۔
ۖ
ۓ
0.943ସ
݀
݄ݐ௖
ቚඥ݄ଶ ൅ ݐ௖ଶ sinሺ׎ ൅ ߚሻቚ
 
൅ ܤ௙௟௔௡௞ ଶ
݀
൬ ݄ݐ௖2ሺݐ௖ ൅ ݄ሻ
൰
ଷ
ߪ
ߩ෤݃
ۙ
ۖ
ۘ
ۖ
ۗ
ے
ۑ
ۑ
ۑ
ې
ଵ ସ⁄
௝/ଶ
௜ୀଵ
 
൅
׎௙ݏ
0.728ߨሺݏ ൅ ݐሻ
ۏ
ێ
ێ
ێ
ۍ
ە
ۖ
۔
ۖ
ۓ
൛ߦ൫׎௙൯ൟ
ଷ
൅ ܤ௥௢௢௧ ଵ
݀
൬
׎௙݀ݏ
2ݐ௖݆
൰
ଷ
ߪ
ߩ෤݃
ۙ
ۖ
ۘ
ۖ
ۗ
ے
ۑ
ۑ
ۑ
ې
ଵ ସ⁄
 
 
൅
2ݏ௖ݐ
0.728ߨሺݏ ൅ ݐሻ
෍቎ቐ0.943ସ sin ׎
݀
ݏ௖
൅ ܤ௥௢௢௧ ଶ
݀
ቀݏ௖2 ቁ
ଷ
ߪ
ߩ෤݃
ቑ቏
ଵ ସ⁄௝/ଶ
௜ୀଵ
 
(7.28)
(7.29) 
(7.30) 
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In Eqn. (7.30),  ׎ and ߚ can be calculated using Eqns. (7.6) and (7.17) and ݆ can be found 
from Eqn. (7.13). Only two thermophysical properties are involved in the expression of 
enhancement ratio i.e. surface tension, ߪ, that is evaluated at saturation temperature of 
fluid and density, ߩ, for condensate it is evaluated at average reference temperature.  
Only constants ܤ௧௜௣, ܤ௙௟௔௡௞ଵ, ܤ௙௟௔௡௞ ଶ, ܤ௥௢௢௧ ଵ and ܤ௥௢௢௧ ଶ need to be found in Eqn. 
(7.30). 
7.3.4 Determination of the Unknown Constants 
There were five unknown constants in Eqn. (7.30) initially. To make the case simple, 
the unknown constants for pin flanks (i.e. pin flank 1 and pin flank 2) and for tube roots 
(i.e. root 1 and root 2) were assumed to be the same i.e. ܤ௙௟௔௡௞ଵ ൌ ܤ௙௟௔௡௞ଶ ൌ ܤ௙௟௔௡௞ 
and ܤ௥௢௢௧ ଵ ൌ ܤ௥௢௢௧ ଶ ൌ ܤ௥௢௢௧ . Three unknown constants i.e. ܤ௧௜௣, ܤ௙௟௔௡௞ and ܤ௥௢௢௧  
were then found using a least square fit method by minimizing the sum of squares of 
relative residuals in the vapour-side, heat-transfer enhancement ratios. 
For minimization process, the experimental data used are taken from the present and 
previous investigations (Briggs (2003) and Baiser and Briggs (2009)) on pin-fin tubes 
covering a range of data for 3 different condensing fluids and 11 pin-fin tube 
geometries. The vapour-side, enhancement ratios are measured by dividing the heat 
flux of the pin-fin tube by that of a plain tube with diameter equal to the pin root 
diameter at the same vapour-side temperature difference (see Chapter 6, Tables 6.8 and 
6.9, method 1b).  
Table 7.1 gives the values of the three unknown constants, found by minimization of 
sum of squares of relative residuals of the vapour-side enhancement ratios, which gave 
the best fit of Eqn. (7.30) to the data. A relative standard deviation was found to be    
15.49 %. 
Table 7.1 Empirical Constants 
 ܤ௧௜௣ ܤ௙௟௔௡௞ ܤ௥௢௢௧  Std rel * 
0.02 0.001 0.01 15.49 % 
* Relative standard deviation 
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The bigger value of Btip  may be justified in the light of experimental data of steam 
reported by Briggs (2003) who found significant enhancement ratios for fully flooded 
tubes, indicating that surface tension effects are dominated on small pin tips producing 
the sharp changes in surface curvature thinning the condensate layer.  
The calculated values of vapour-side, heat-transfer enhancement ratios for all tubes and 
fluids combinations used in the best fit process are listed in Table 7.2. Surface tension 
in Eqn. (7.30) was calculated at saturation temperature of 470 K, 373 K and 320 K for 
ethylene glycol, steam and R-113 respectively, whereas condensate density was 
calculated at average reference temperature and ∆T was taken as 100 K and 21 K for 
ethylene glycol and steam, R-113 respectively. 
Table 7.2 Heat-Transfer Enhancement Ratios 
Ref. Present Data Briggs (2003) for (P1-P6) and 
Baiser and Briggs (2009) for    
(P7-P12) 
Tubes (ε ∆T)calc (ε ∆T)obs (ε ∆T)calc (ε ∆T)obs (ε ∆T)calc (ε ∆T)obs (ε ∆T)calc (ε ∆T)obs 
 R-113 Ethylene Glycol R-113 Steam 
P1 3.59 3.34 3.58 2.86 3.59 3.48 3.19 2.59 
P2 4.92 4.77 4.62 4.19 4.92 5.02 4.28 2.91 
P3   4.31 4.08 5.34 5.83 2.22 2.34 
P4   6.3 5.41 8.11 8.32 2.47 2.80 
P5   5.03 4.06 5.81 6.51 2.11 2.47 
P6   6.92 5.77 8.43 9.16 2.37 2.61 
P7 5.46 5.92 5.29 4.91   4.74 3.86 
P8 4.48 4.47 4.24 3.89   4.04 3.59 
P10 4.81 5.77 4.45 4.89   4.05 4.41 
P11 3.94 4.05 4.02 4.17   3.56 4.50 
P12 3.36 3.99 3.3 3.50   3.1 3.98 
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7.4 Comparison of Semi-Empirical Expression with Experimental Data 
Figures 7.8a and 7.8b, plotted as dependence of enhancement ratio on circumferential 
pin spacing, compare the present data with Eqn. (7.30) at tc = 0.5 mm and tc = 1.0 mm 
respectively. For both fluids i.e. R-113 and ethylene glycol, Eqn. (7.30) shows a good 
agreement with experimental data and predicts an increase in enhancement ratio with 
decreasing circumferential spacing suggesting that a smaller circumferential pin 
spacing i.e. less than the smallest tested in present investigation (0.5 mm) may produce 
even higher heat-transfer enhancements which is in line with the experimental findings. 
Figures 7.9a and 7.9b compare Eqn. (7.30) with data of steam reported by Baiser and 
Briggs (2009), theory over predicts enhancement ratios at tc = 0.5 mm (Figure 7.9a) and 
under predicts at tc = 1.0 mm (Figure 7.9b). This could be due to the fact that model 
does not account for pin efficiency and for condensation of steam where vapour-side, 
heat-transfer coefficients are high, a decrease in pin thickness might decrease pin 
efficiency and vice versa.  
Figures 7.10 a, b and c plot variation of enhancement ratio with pin height for present 
data. Experimental data show a reasonable agreement with the theory. For ethylene 
glycol condensing on tubes with smaller circumferential pin thickness (Figures 7.10a 
and 7.10c), Eqn. (7.30) shows a less good agreement with the data. Overall the model 
picks the same trend and predicts the increase in enhancement with increasing pin 
height which is expected due to the increase in surface area. Figures 7.11 a, b and c, 
showing dependence of enhancement ratio against pin height, compare theory with data 
of Briggs (2003) for condensation of R-113 and steam. Better agreement can be seen 
for R-113 with theory. For steam, however, as shown in Figure 7.11a theory over 
predicts data specially at pin height of 1.6 mm where the error is about 40 %, the reason 
as explained above for steam could be the fin efficiency effects which becomes 
important for higher pin. Figures 7.11b and 7.11c show the data of steam for fully 
flooded tubes, the only regions for heat transfer are pin tips (pin flanks are fully 
insulated with condensate so no temperature variation along the pin flanks which 
contributes towards pin efficiency), model gives excellent agreement for these cases. 
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Figures 7.12a and 7.12b give dependence of enhancement ratio on circumferential pin 
thickness for present data of ethylene glycol at pin heights of 0.9 mm and 1.6 mm 
respectively whereas Figures 7.12c and 7.12d plot enhancement ratio against 
circumferential pin thickness for present data of ethylene glycol and R-113 at 
circumferential pin spacings of 0.5 mm and 1.0 mm. For all cases theory predicted data 
reasonably, however, better agreements were found at bigger circumferential pin 
thickness. Figures 7.13a and 7.13b compare the theory with experimental data of R-113 
and steam reported by Briggs (2003), enhancement ratio is plotted as a function of 
circumferential pin thickness at two pin heights of 0.9 mm and 1.6 mm. Data of R-113 
show a good agreement with theory whereas steam data for fully flooded tubes are 
excellently predicted by model. 
Figure 7.14 compares the model with all available experimental data on copper pin-fin 
tubes. It can be seen that Eqn. (7.30) with empirical constants ܤ௧௜௣ ൌ 0.02,          
ܤ௙௟௔௡௞ ൌ 0.001 and ܤ௥௢௢௧ ൌ 0.01 predicts nearly all the data to within ± 20 %. 
7.5 Conclusions and Recommendations 
The earlier model of Kumar et al. (2002) has been compared with the present data and 
earlier data for pin-fin tubes. The model performs poorly, underestimating most of the 
ethylene glycol data and all of the R-113 data and overestimating the majority of the 
steam data. One possible reason for inadequate performance of the model might be the 
neglect of condensate retention on the lower part of the tubes. The model is also based 
on the assumption of a linear pressure gradient along the pin or fin flank which has 
been shown to give poor results for integral-fin tubes. 
A semi-empirical correlation based on the approach used in the models of Rose (1994) 
and Briggs and Rose (1994) to account for the combined effect of gravity and surface 
tension has been developed for condensation on horizontal pin-fin tubes and is given as 
Equation (7.30) above. The unknown constants in the final expression of model were 
found by minimizing the sum of squares of relative residuals in vapour-side 
enhancements ratios. A relative standard deviation of 15.49 % was found with 
empirical constants as  ܤ௧௜௣ ൌ 0.02, ܤ௙௟௔௡௞ ൌ 0.001 and ܤ௥௢௢௧ ൌ 0.01. A total of 35 
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data points covering enhancement ratios in a range of 2.47 to 9.16 for three fluids and 
11 tubes with different geometries were used in the minimization process. Model does 
not account for pin efficiency effects and data of steam showed a strong dependence on 
pin efficiency. As an overall, as shown in Figure 7.14, model predicted almost all 
available data in a range of ± 20 %. 
More experimental data on different pin-fin tube geometries may still be required to 
establish the empirical constants in Eqn. (7.30) more accurately. The inclusion of pin 
efficiency into the model may improve predictions considerably for steam data. 
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Figure 7.7 Approximation for Mean Vertical Pin Height 
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Chapter 8 
Conclusions 
New repeatable experimental data for free-convection condensation on pin-fin tubes 
have been obtained for ethylene glycol and R-113. Effects of circumferential pin 
spacing and thickness, pin height and thermal conductivity of the tube material have 
been examined systematically. Eleven copper pin-fin tubes covering circumferential pin 
spacing, circumferential pin thickness and pin height in a range of 0.5 mm to 1.5 mm, 
0.5 mm to 1.0 mm and 0.9 mm to 1.6 mm respectively, were tested. Two identical pairs 
of pin-fin tubes made of brass and bronze were also tested for thermal conductivity 
effects. All pin-fin tubes had a pin root diameter of 12.7 mm equivalent to the outside 
diameter of three plain tubes made of copper, brass and bronze which were also tested 
for comparison. 
Heat transfer enhancements on pin-fin tubes have been compared with equivalent 
integral-fin tubes. Only pin-fin tubes with larger active area enhancements gave higher 
heat transfer enhancements than equivalent integral-fin tubes. For both fluids tested, 
heat transfer enhancement was found to be strongly dependent on and about 2.5 times 
higher than, the active area enhancement. 
Ethylene glycol condensing on a pin-fin tube P6 with a circumferential pin spacing and 
thickness of 0.5 mm gave the highest heat transfer enhancement of 5.8 which is about 
20 % higher than the best reported heat transfer enhancement for a simple integral-fin 
tube reported by Briggs et al. (1992). For R-113, pin-fin tube P7 with a circumferential 
pin spacing and thickness of 0.5 mm gave the best heat transfer enhancement of 5.9, 
which is about 9 % higher than the equivalent integral-fin tube. 
For R-113 and ethylene glycol, heat transfer enhancement was found to increase with 
decreasing circumferential pin spacing. The optimum value of circumferential pin 
spacing may be below 0.5 mm, the smallest tested in this investigation. Heat transfer 
enhancement was found to increase with increasing pin height i.e. from 0.9 mm to 1.6 
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mm and it was mainly due to the increase in active surface area. Circumferential pin 
thickness showed little effect on heat transfer enhancement for both fluids tested. 
The effect of tube thermal conductivity (ranging from 400 W/ m K to 80 W/ m K) on 
heat transfer enhancement was significant for condensation of ethylene glycol; the gain 
in heat transfer enhancement with increasing pin height was much greater for copper 
tubes than brass and bronze tubes with similar geometries. Condensing R-113, tube 
thermal conductivity effect on heat transfer enhancement was weaker than for ethylene 
glycol. For example a copper pin-fin tube P2 showed about 2 times and 1.3 times 
higher heat transfer enhancements than the equivalent bronze pin-fin tube for ethylene 
glycol and R-113 respectively.  
Retention angle measurements were made under static conditions (without 
condensation) for all pin-fin tubes using R-113, ethylene glycol and water as test fluids. 
Condensate retention angles for all pin-fin tubes were found to be larger than the 
equivalent integral-fin tubes i.e. with the same fin height, root diameter and 
longitudinal pin thickness and spacing. An expression for condensate retention angle on 
pin-fin tubes was proposed based on the Honda et al. (1983) model for integral-fin 
tubes and was found to agree with the measured retention angles of the present and 
earlier investigations to within 15 %. It is noted that a larger retention angle is not the 
only criteria for heat transfer rather its affect on active area enhancement. A general 
observation suggests that a circumferential pin spacing of equal or less than 
longitudinal fin thickness could yield pin-fin tubes with higher active surface area 
enhancements compared to equivalent integral-fin tubes. 
The model of Kumar et al. (2002) performed poorly against the present and earlier data 
for pin-fin tubes, underestimating most of the ethylene glycol data and all of the R-113 
data and overestimating majority of the steam data. One possible reason was the neglect 
of condensate retention in the model. The model is also based on assumption of linear 
pressure gradient along the pin flank which has been shown to give poor results for 
integral-fin tubes.                                                                                       
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A semi-empirical correlation for condensation heat transfer on horizontal pin-fin tubes, 
based on the approach of Rose (1994) and Briggs and Rose (1994) which accounts for 
the combined effects of gravity and surface tension, has been developed. The model 
split the pin tube surface into five distinct types of surface, i.e. pin tip, 2 types of pin 
flank and 2 types of pin root, and contained 3 empirical constants. A total of 35 data 
points covering for three fluids and 11 tubes with different geometries were used in the 
minimization process to find these constants. The model predicted almost all available 
data in a range of ± 20 %. 
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Appendix A: The Correction for Coolant Temperature Rise Due to Frictional 
Dissipation 
At high coolant velocities a small rise in the coolant temperature was observed when 
the heaters were turned off and no condensation was occurring. This was caused by 
frictional dissipation occurring in the coolant as it flows through the test tube and 
mixing boxes. In order to account for this a calibration test was carried out with the 
heaters turned off and the temperature rise due to friction was recorded using a 
voltmeter. The test was performed over the same range of flow rates used in the 
condensation tests. The following expression was used to evaluate the temperature rise 
due to frictional dissipation, 
ܧ௙ ൌ ܺሺ ௜ܸሻଶ 
In Equation (A.1), ܧ௙ is the corresponding voltage reading of the thermopile measured 
in µV, ௜ܸ is the indicated volume flow rate of the coolant measured in l/min and ܺ is a 
constant to be found by least square fits of the data. The temperature rise associated 
with frictional dissipation could then be obtained for any particular flow rate and 
subtracted from the measured temperature rise when a particular experiment was 
carried out. 
Figure A.1 shows the corrected and uncorrected data for ethylene glycol at atmospheric 
pressure on a plain tube. As expected the differences in heat flux become more evident 
at high coolant flow rates. At lower coolant flow rates there is almost no change in heat 
flux due to frictional dissipation. 
Figure A.2 shows the change in heat flux due to frictional dissipation with the vapour-
side temperature difference for ethylene glycol at atmospheric pressure on the plain 
tube. It can be seen that the upturn in the uncorrected data as the vapour-side, 
temperature difference increases, has been smoothed out once the effects of frictional 
dissipation has been taken into account. 
(A.1)
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Appendix B: Thermophysical Property Equations of Test Fluids  
B.1 Nomenclature and Units 
cpf specific isobaric heat capacity of saturated liquid, (J/kg K) 
cpv specific isobaric heat capacity of saturated vapour, (J/kg K) 
hfg specific enthalpy of evaporation, (J/kg) 
k  thermal conductivity of the saturated liquid, (W/m K) 
P pressure, (Pa) 
Psat saturated pressure, (Pa) 
R specific ideal gas constant, (J/kg-K) 
T  thermodynamic temperature, (K) 
Tsat saturated temperature, (K) 
Z  compressibility factor 
vf specific volume of saturated liquid, (m3/kg) 
vv specific volume of saturated vapour, (m3/kg) 
ρf density of saturated liquid, (kg/m3) 
ρv density of saturated vapour, (kg/m3) 
µf dynamic viscosity of saturated liquid, (kg/m s) 
σ  surface tension of saturated liquid, (N/m) 
B.2 Thermophysical Property Equations of R-113 
Specific volume of saturated liquid (Fujii et al. (1978)), 
ݒ௙ ൌ ሼ0.617 ൅ 0.00064ሺܶ െ 273.15ሻଵ.ଵሽ ൈ 10ିଷ 
Specific volume of saturated vapour (Fujji et al. (19780)), 
(B.1) 
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ݒ௩ ൌ
8314ܼܶ
187.39ܲ
 
where  
 
ܼ ൌ
1
1 ൅ 0.636 ቀ ܲ3413000ቁ
଴.଼ଵ଺ 
Specific isobaric heat capacity of saturated liquid (Fujii et al. (1978)), 
ܿ௣௙ ൌ 929 ൅ 1.03ሺܶ െ 273.15ሻ 
Specific isobaric heat capacity of saturated vapour (Fujii et al. (1978)), 
 
ܿ௣௩ ൌ െ101.883 ൅ ܶሼ5.81502 െ ܶሺ1.70256 ൈ 10ିଶ െ 1.98007 ൈ 10ିହܶሻሽ 
Dynamic viscosity of saturated liquid (Fujii et al. (1978)), 
ߤ௙ ൌ 1.34 ൈ 10ିହ ൈ 10௃ 
where 
ܬ ൌ 503/ሺܶ െ 2.15ሻ 
Specific enthalpy of evaporation (Fujii et al. (1978)), 
 
݄௙௚ ൌ ሼ1.611 െ 0.0031ሺܶ െ 273.15ሻሽ ൈ 10ହ 
 
(B.2) 
(B.3) 
(B.4) 
(B.5)
(B.6) 
(B.7) 
(B.8) 
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Thermal conductivity of saturated liquid (Fujii et al. (1978)), 
݇ ൌ 0.0802 െ 0.000203ሺܶ െ 273.15ሻ 
Surface tension of saturated liquid (Masuda (1985)), 
ߪ௙ ൌ 0.0217 െ 1.1 ൈ 10ିସሺܶ െ 273.15ሻ       ܶ ൒ 293.15K 
ߪ௙ ൌ 0.0211 െ 1.3 ൈ 10ିସሺܶ െ 273.15ሻ       ܶ ൏ 293.15 K 
Saturation pressure (Fujii et al. (1978)), 
௦ܲ௔௧ ൌ 3.413 ൈ 10଺ ൈ 10௃ 
where  
ܬ ൌ െܬଵ൛2.8 ൅ 0.1ሺ1 ൅ 185 ൈ ܬଵ
ହ.଼ሻ଴.ଶൟ 
and 
ܬଵ ൌ ሺ487.25 െ ܶሻ/ܶ 
Saturation Temperature 
        The saturation temperature was found from the measured pressure using a 
Newton-Raphson to find the relevant root of Eqns. (B.12) to (B.14). 
 
 
(B.9) 
(B.10)
(B.12) 
(B.11) 
(B.13)
(B.14) 
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B.3 Thermophysical Property Equations of Ethylene Glycol 
Specific volume of saturated liquid (Perry and Chilton (1973)), 
ݒ௙ ൌ 9.24848 ൈ 10ିସ ൅ 6.2796 ൈ 10ି଻ ௕ܶ 
                    ൅9.2444 ൈ 10ିଵ଴ ௕ܶ
ଶ ൅ 3.057 ൈ 10ିଵଶ ௕ܶ
ଷ 
where 
௕ܶ ൌ ܶ െ 338.15 
Specific volume of saturated vapour (Perry and Chilton (1973)), 
 
ݒ௩ ൌ
ܴܶ
ܲ
 
where 
ܴ ൌ 133.95 
Specific isobaric heat capacity of saturated liquid (Perry and Chilton (1973)), 
ܿ௣௙ ൌ 4186.8ሺ1.6884 ൈ 10ିଶ ൅ 3.35083 ൈ 10ିଷܶ െ 7.224 ൈ 10ି଺ܶଶ 
൅7.61748 ൈ 10ିଽܶଷሻ 
Specific isobaric heat capacity of saturated vapour (Perry and Chilton (1973)), 
ܿ௣௩ ൌ 472.433 ൅ 4.6327ܶ െ 3.6054 ൈ 10ିଷܶଶ ൅ 1.1827 ൈ 10ି଺ܶଷ 
 
  (B.15) 
 (B.17) 
(B.19)
(B.20)
  (B.16) 
 (B.18) 
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Dynamic viscosity of saturated liquid (Crume and Johnston (1952)), 
ߤ௙ ൌ ݁ݔ݌஺ 
where 
 
ܣ ൌ െ11.0179 ൅
1.744 ൈ 10ଷ
ܶ
െ
2.80335 ൈ 10ହ
ܶଶ
൅
1.12661 ൈ 10଼
ܶଷ
 
Specific enthalpy of evaporation (Gallant (1970)), 
݄௙௚ ൌ 1.35234 ൈ 10଺ െ 6.38262 ൈ 10ଶܶ െ 0.747462ܶଶ 
Thermal conductivity of saturated liquid (Stylianou (1980)), 
 
݇ ൌ 418.68 ൈ 10ି଺ሺ519.442 ൅ 0.3209ܶሻ 
Surface tension of saturated liquid (Masuda (1985)), 
ߪ ൌ 5.021 ൈ 10ିଵଶ െ 8.9 ൈ 10ିହሺܶ െ 273.15ሻ 
Saturation pressure (Stylianou (1980)), 
 
௦ܲ௔௧ ൌ 133.32ሺ10ሻ஺ 
where 
 
ܣ ൌ 9.394685 െ
3066.1
ܶ
 
 
(B.21) 
  (B.23) 
 (B.24) 
(B.25)
(B.27)
(B.22) 
(B.26) 
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Saturation temperature (from Eqn. (B.27)), 
 
௦ܶ௔௧ ൌ
3066.1
9.394685 െ ݈݋݃ଵ଴ሺ
ܲ
133.32ሻ
 
B.4 Other Properties 
Thermal conductivity of Copper (Niknejad (1979)), 
݇௖௢௣௣௘௥ ൌ 438.643 െ 0.130692ܶ ൅ 4.540943 ൈ 10ିହܶଶ 
Thermal conductivity of Brass (Huang (1995)), 
݇஻௥௔௦௦ ൌ 61.1 ൅ 0.150ܶ 
Thermal conductivity of Bronze (Huang (1995)), 
݇஻௥௢௡௭௘ ൌ 24.6 ൅ 0.166ܶ 
 
 
 
 
 
 
 
(B.28)
(B.29)
(B.30)
(B.31) 
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Appendix C: Estimation of Uncertainties in Experimental Measurements 
C.1 Introduction 
Since it is impossible to exactly reproduce the coolant and vapour conditions on two 
different occasions the present results are essentially single sample measurements. Due 
to this fact the method of Kline and McClintock (1953) (see also Moffat (1988)) was 
used to estimate the uncertainties in the measurements (i.e. coolant flow rates, 
temperatures etc) and calculate the propagation of these uncertainties in the derived 
quantities (i.e. heat flux, heat transfer coefficients etc). 
The final expression to describe a variable can be written as follow, 
 
ݔ ൌ ݔ௠௘௔௦௨௥௘ௗ േ ߜݔ 
where, 
ݔ                           ൌ  the final best estimate of the variable 
ݔ௠௘௔௦௨௥௘ௗ           ൌ the measured value of the variable 
ߜݔ                         ൌ  the uncertainty in the measured value estimated from for                         
instance fluctuations in instrument readings, scale graduations,     
calibration equations, etc 
The final measurements are expected to lie within േߜݔ of the true value. In general, the 
final result of an experiment, ݔோ, will be a function of several measured quantities with 
each having a different uncertainty value, i.e. 
 
ݔோ ൌ ݂ሺݔଵ, ݔଶ, ……ݔ௡ሻ 
Kline and McClintock (1953) suggested the following expression for calculating the 
resulting uncertainty, ߜݔோ, in the dependent variable, ݔோ, 
 
(C.1) 
(C.2) 
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ߜݔோ ൌ ቈ൬
߲݂
߲ݔଵ
ߜݔଵ൰
ଶ
൅ ൬
߲݂
߲ݔଶ
ߜݔଶ൰
ଶ
൅ ڮ൅ ൬
߲݂
߲ݔ௡
ߜݔ௡൰
ଶ
቉
଴.ହ
 
Eqn. (C.3) can be non-dimensionalised to give, 
 
ߜݔோ
ݔோ
ൌ ሾሺ ଵܺߜݔଵሻଶ ൅ ሺܺଶߜݔଶሻଶ ൅ ڮ൅ ሺܺ௡ߜݔ௡ሻଶሿ଴.ହ 
where, 
 
ܺ௡ ൌ
߲݂ ߲ݔ௡⁄
ݔோ
 
ఋ௫ೃ
௫ೃ
 is then the fractional uncertainty level of ݔோ. 
C.2 Application to the Present Investigation 
In the present investigation, the uncertainty levels were found in the test-section vapour 
pressure, ௧ܲ௦, test-section vapour velocity, ܷ௩, heat flux on the outside of the test tube, 
ݍ, overall heat-transfer coefficient, ܷ௢, vapour-side, heat-transfer coefficient, ߙ, and the 
vapour-side temperature difference, ∆ܶ. 
C.2.1 Test-Section Vapour Pressure 
The test-section vapour pressure was calculated using Eqn. (5.2), 
 
௧ܲ௦ ൌ ௔ܲ௧௠ െ ݃ൣߩ௪௔௧௘௥ሺܪଶ െ ܪଵሻ ൅ ߩ௧௙ሺܪଷ െ ܪଶሻ൧ 
where ௔ܲ௧௠ is the atmospheric pressure measured using a Fortin barometer including a 
temperature correction factor using Eqn. (5.1). ߩ௪௔௧௘௥ and ߩ௧௙ was calculated at 
ambient temperature. Memory (1989) showed that uncertainties in the ambient 
temperature and the barometer temperature correction factor were negligible and the 
(C.3) 
(C.4a)
(C.4b) 
(C.5)
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only factors effecting the uncertainty of test section vapour pressure were barometer 
pressure reading, ௕ܲ, and the manometer levels, ܪଵିଷ. The expression of fractional 
uncertainty in the test section vapour pressure can thus be written as, 
 
ߜ ௧ܲ௦
௧ܲ௦
ൌ ቂ൫ܺ௉್ߜݔ௉್൯
ଶ
൅ ൫ܺுభߜݔுభ൯
ଶ
൅ ൫ܺுమߜݔுమ൯
ଶ
൅ ൫ܺுయߜݔுయ൯
ଶ
ቃ
଴.ହ
 
Differentiating Eqn. (C.5) gives, 
 
ܺ௉್ ൌ
߲ ௧ܲ௦ ߲ ௕ܲ⁄
௧ܲ௦
ൌ
߲ ௧ܲ௦ ߲ ௔ܲ௧௠⁄
௧ܲ௦
ൌ
1
௧ܲ௦
 
 
ܺுభ ൌ
݃ߩ௪௔௧௘௥
௧ܲ௦
 
 
ܺுమ ൌ
݃ሺߩ௧௙ െ ߩ௪௔௧௘௥ሻ
௧ܲ௦
 
 
ܺுయ ൌ െ
݃ߩ௧௙
௧ܲ௦
 
The uncertainty in the barometer reading, ߜݔ௉್, was estimated to be ± 0.2 mmHg and 
the uncertainty in the manometer levels, ߜݔுభషయ, was estimated to be ± 0.0005 m. 
C.2.2 Test-Section Vapour Velocity 
The test section vapour velocity was calculated using Eqn. (5.15), 
 
ܷ௩ ൌ
ܴ  ௦ܶ௔௧ሺ ௧ܲ௦ሻ ሶ݉ ௩
ሺߨ ݀௧௦ 4⁄ ሻ ௧ܲ௦
 
Thus the fractional uncertainty in the test section vapour velocity depends on the test 
section vapour pressure ௧ܲ௦, test section diameter ݀௧௦ and vapour mass flow rate ሶ݉ ௩ as 
follow, 
(C.6a)
(C.6b)
(C.6c) 
(C.6d)
(C.6e) 
(C.7) 
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ߜܷ௩
௩ܷ
ൌ ቂ൫ܺ௉೟ೞߜݔ௉೟ೞ൯
ଶ
൅ ൫ܺௗ೟ೞߜݔௗ೟ೞ൯
ଶ
൅ ൫ܺ௠ሶ ೡߜݔ௠ሶ ೡ൯
ଶ
ቃ
଴.ହ
 
where, 
 
ܺ௉೟ೞ ൌ
1
௦ܶ௔௧ሺ ௧ܲ௦ሻ
߲ ௦ܶ௔௧ሺ ௧ܲ௦ሻ
߲ ௧ܲ௦
െ
1
௧ܲ௦
 
 
ܺௗ೟ೞ ൌ െ
2
݀௧௦
 
 
ܺ௠ሶ ೡ ൌ
1
ሶ݉ ௩
 
డ ೞ்ೌ೟ሺ௉೟ೞሻ
డ௉೟ೞ
  in Eqn. (C.8b) can be approximated from the appropriate eqn. in Appendix B. 
The uncertainty level in the test-section vapour pressure, ߜݔ௉೟ೞ, was calculated from the 
numerator of Eqn. (C.6a) and the uncertainty level of test section diameter, ߜݔௗ೟ೞ, was 
estimated from manufacturing tolerance to be ± 0.0005 m. The uncertainty in vapour 
mass flow rate, ߜݔ௠ሶ ೡ, was measured by Lee (1982) using the same method as here but 
for a different experimental apparatus, by collecting and weighing the condensate at the 
exit of the auxiliary condenser and comparing the results with the calculated value of 
vapour mass flow rate from Eqn. (5.13). He found that the two methods agreed to 
within ± 1.5 % over the whole range of vapour mass flow rate. The uncertainty level 
ߜݔ௠ሶ ೡ can therefore be estimated as 0.015 ሶ݉ ௩ . Substituting this value along with Eqn. 
(C.8d) into Eqn. (C.8a) reduces the final term of Eqn. (C.8a) to 0.015ଶ, i.e. the 
fractional uncertainty in the vapour velocity is independent of the vapour mass flow 
rate. 
 
 
(C.8a)
(C.8b)
(C.8c) 
(C.8d) 
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C.2.3 Heat Flux 
The heat flux on the outside of the test tube was calculated from Eqns. (5.8) and (5.10). 
By combining these we have, 
 
ݍ ൌ
ሶ݉ ௖ܿ௣௖∆ ௖ܶ
ߨ݈݀
 
Memory (1989) assumed neglegible error in the property equations and showed that the 
uncertainty in ܿ௣௖ due to the uncertainty in the measured coolant temperature was 
neglegible. The fractional uncertainty in heat flux can then be written as, 
 
ߜݍ
ݍ
ൌ ቂ൫ܺ௠ሶ ೎ߜݔ௠ሶ ೎൯
ଶ
൅ ൫ܺ∆ ೎்ߜݔ∆ ೎்൯
ଶ
൅ ሺܺௗߜݔௗሻଶ ൅ ሺ ௟ܺߜݔ௟ሻଶቃ
଴.ହ
 
where from Eqn. (C.9), 
 
ܺ௠ሶ ೎ ൌ
1
ሶ݉ ௖
 
 
ܺ∆ ೎் ൌ
1
∆ ௖ܶ
 
 
ܺௗ ൌ െ
1
݀
 
 
௟ܺ ൌ െ
1
݈
 
The uncertainty level in coolant mass flow rate, ߜݔ௠ሶ ೎, was estimated to be ± 0.5 l/min 
from calibration experiments performed by Briggs (1991). The coolant temperature 
difference was found using a 10 junction thermopile with an uncertainty level, ߜݔ∆ ೎், of 
± 0.01 K. The uncertainties in tube diameter, ߜݔௗ, and length, ߜݔ௟, were estimated from 
manufacturing tolerances to be ± 0.0001 and ± 0.0005 respectively. 
(C.9) 
(C.10a)
(C.10b) 
(C.10c) 
(C.10d) 
(C.10e) 
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C.2.4 Overall Heat Transfer Coefficient 
The following expression was used to calculate the overall heat-transfer coefficient, 
 
ܷ௢ ൌ
ݍ
௦ܶ௔௧ሺ ௧ܲ௦ሻ െ ቀ ௜ܶ௡
൅ ௢ܶ௨௧
2 ቁ
 
The fractional uncertainty in ܷ௢ can be found as, 
 
ߜܷ௢
ܷ௢
ൌ ቂ൫ܺ௤ߜݔ௤൯
ଶ
൅ ൫ܺ௉೟ೞߜݔ௉೟ೞ൯
ଶ
൅ ൫்ܺ೔೙ߜݔ்೔೙൯
ଶ
൅ ൫ܺ ೚்ೠ೟ߜݔ ೚்ೠ೟൯
ଶ
ቃ
଴.ହ
 
where, 
 
ܺ௤ ൌ
1
ݍ
 
 
ܺ௉೟ೞ ൌ െ
ܷ௢
ݍ
߲ ௦ܶ௔௧ሺ ௧ܲ௦ሻ
߲ ௧ܲ௦
 
 
்ܺ೔೙ ൌ ܺ ೚்ೠ೟ ൌ
ܷ௢
2ݍ
 
డ ೞ்ೌ೟ሺ௉೟ೞሻ
డ௉೟ೞ
 is approximated from the appropriate equation from Appendix B. 
The uncertainty in heat flux, ߜݔ௤, was found from Eqn. (C.10a), and the uncertainty in 
test section pressure, ߜݔ௉೟ೞ, was obtained from Eqn. (C.6a). ௜ܶ௡ and ௢ܶ௨௧ were measured 
using thermocouples at the inlet and outlet of the test tube with an estimated uncertainty 
of ± 0.1 K. 
 
 
(C.11)
(C.12a) 
(C.12b) 
(C.12c)
(C.12d)
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C.2.5 Vapour-Side, Heat Transfer Coefficient 
In the present investigation, vapour-side, heat-transfer coefficients were found using 
Eqn. (5.17) as follows, 
 
ߙ ൌ
ܷ௢
1 െ ቀܷ௢݀ߙ௖݀௜
ቁ െ ൬ܷ௢݀ ݈݊
ሺ݀ ݀௜⁄ ሻ
2݇௪
൰
 
where, ߙ௖ is the coolant side, heat-transfer coefficient found using a Sieder and Tate 
(1936) type correlation and ݇௪ is the tube wall thermal conductivity. The fractional 
uncertainty of vapour-side, heat-transfer coefficient can be expressed as, 
 
ߜߙ
ߙ
ൌ ൥
൫ܺ௎೚ߜݔ௎೚൯
ଶ
൅ ൫ܺఈ೎ߜݔఈ೎൯
ଶ
൅ ሺܺௗߜݔௗሻଶ ൅ ൫ܺௗ೔ߜݔௗ೔൯
ଶ
൅൫ܺ௞ೢߜݔ௞ೢ൯
ଶ ൩
଴.ହ
 
where, 
 
ܺ௎೚ ൌ
ߙ
ܷ௢
ଶ 
 
ܺఈ೎ ൌ െ
ߙ݀
݀௜ߙ௖ଶ
 
 
ܺௗ ൌ ߙ ൤
1
ߙ௖݀௜
െ
1
2݇௪
൬1 ൅ ln
݀
݀௜
൰൨ 
 
ܺௗ೔ ൌ െߙ ቈ
݀
ߙ௖݀௜
ଶ െ
݀
2݇௪݀௜
቉ 
 
ܺ௞ೢ ൌ െߙ ቈ
݀ lnሺ݀ ݀௜⁄ ሻ
2݇௪
ଶ ቉ 
(C.13) 
(C.14a)
(C.14b) 
(C.14c) 
(C.14d)
(C.14e) 
(C.14f) 
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The uncertainty in overall heat-transfer coefficient, ߜݔ௎೚, was found using               
Eqn. (C.12a). The fractional uncertainty in coolant side, heat-transfer coefficient,  ߜݔఈ೎, 
is difficult to quantify. In the present investigation ߙ௖ was found from a correlation 
based on data obtained using an instrumented plain tube with identical internal 
geometry as the pin and fin tubes. A large amount of data, both from the present 
investigation and earlier ones showed good reproducibility and was fit by correlation 
better than 5 % (see Figure 5.5). Furthermore Briggs (1991) showed, by testing four 
different instrumented tubes (plain and finned) but with identical internal geometries 
that all four gave coolant-side correlations within 5 % of each other. Based on this it is 
thought that an uncertainty in ߙ௖ of 5 % is very realistic and if anything conservative. 
The fractional uncertainty in thermal conductivity, ߜݔ௞ೢ, was set constant to ± 10 %, 
while the uncertainties in ݀ and ݀௜ i.e. ߜݔௗ and ߜݔௗ௜ were estimated to be ± 0.0001 m 
based on the manufacturing tolerances. 
C.2.6 Vapour-Side Temperature Difference 
The vapour-side temperature difference can be calculated from the following, 
 
∆ܶ ൌ
ݍ
ߙ
 
The fractional uncertainty in vapour-side temperature difference can thus be 
approximated as, 
 
ߜ∆ܶ
∆ܶ
ൌ ቂ൫ܺ௤ߜݔ௤൯
ଶ
൅ ሺܺఈߜݔఈሻଶቃ
଴.ହ
 
where, differentiating Eqn.(C.15), 
 
ܺ௤ ൌ
1
ݍ
 
 
ܺఈ ൌ െ
1
ߙ
 
(C.15) 
(C.16a)
(C.16b) 
(C.16c)
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where, the uncertainties ߜݔ௤ and ߜݔఈ were found from Eqns. (C.10a) and (C.14a) 
respectively. 
 C.3 Results and Discussions 
C.3.1 Test Section Vapour Pressure and Vapour Velocity 
The fractional uncertainty in test section vapour pressure is evaluated from Eqn. (C.6a). 
The results along with each of the terms on the right hand side of Eqn. (C.6a) are listed 
in Table C.1. It can be seen that the uncertainty in the barometer pressure is a relatively 
important factor but that the resulting uncertainty in the test section pressure was never 
greater than 0.03 %. 
The fractional uncertainty in the test section vapour velocity was calculated using    
Eqn. (C.8a). Table C.2 gives the results. The main contributors to the uncertainty are 
the vapour mass flow rate and test section diameter. Test section vapour pressure has 
shown a negligible effect on the uncertainty. The resulting fractional uncertainty in the 
test section vapour velocity was always less than 2 %. 
C.3.2 Heat Flux, Overall Heat-Transfer Coefficient, Vapour-Side, Heat-Transfer 
Coefficient and Vapour-Side Temperature Difference 
The results of the uncertainties analysis for the heat flux, overall heat-transfer 
coefficient, vapour-side, heat-transfer coefficient and vapour-side temperature 
difference are given in Tables C.3 to C.6. The results shown are for a plain tube and 
two pin-fin tubes with highest and lowest heat-transfer performance for each fluid 
tested. 
Tables C.3a, C.3b and C.3c give the results of the uncertainty analysis for the heat flux. 
The major contributor to heat flux uncertainty for nearly all cases is the uncertainty in 
the measurement of the coolant flow rate. In most of the cases (i.e. all cases for 
ethylene glycol and pin-fin tubes cases for R-113), the uncertainty in coolant 
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temperature rise was small, and it is mainly due to the use of 10-junction thermopile 
which gave accurate measurements for temperature rise. The exception to this is 
condensation of R-113 on plain tube, especially with high coolant flow rate when the 
coolant temperature rise was as low as 0.1 K, which resulted in a high uncertainty in 
coolant temperature rise and consequently a high fractional uncertainty in the heat flux 
of just over 10 %. For all other cases, the resulting uncertainty in heat flux was not 
greater than 6 %. 
Tables C.4a, C.4b and C.4c give the results of the uncertainty analysis for the overall 
heat-transfer coefficient. In almost all cases, the uncertainty in overall heat-transfer 
coefficient is similar to that of uncertainty in heat flux. Since the uncertainty in the 
overall (vapour to coolant) temperature difference is always very small. 
Tables C.5a, C.5b and C.5c show the results of the uncertainty analysis for the vapour-
side, heat-transfer coefficient. In all cases, the major contributor to the uncertainty in 
vapour-side, heat-transfer coefficient is the uncertainty in the overall heat-transfer 
coefficient; however, for pin-fin tubes the effect of the uncertainty in the coolant-side, 
heat-transfer coefficient becomes more significant as the coolant side resistance 
dominates the overall measured thermal resistance. In most cases, the fractional 
uncertainty in vapour-side, heat-transfer coefficient was less than 10 %.  
Tables C.6a, C.6b and C.6c show the results of the uncertainty analysis for the vapour-
side temperature difference. In most cases, the main contributor to the uncertainty in 
vapour-side temperature difference is the uncertainty in the vapour-side, heat-transfer 
coefficient. The only exception is for condensation of R-113 on the plain tube, where 
the uncertainty in the heat flux becomes a comparable contributor to the uncertainty in 
the vapour-side temperature difference. For most of the cases, the fractional uncertainty 
in vapour-side temperature difference was below 10 %. 
C.4 Conclusions 
In almost all cases, the uncertainties in the important parameters were kept below 10 %. 
At low coolant flow rates, however, the uncertainties in vapour-side, heat-transfer 
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coefficient and temperature difference become significant. The lower limit of coolant 
flow rates should always be taken into account when using indirect methods. 
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Fluid ௧ܲ௦ / kPa ൫ܺ௉್ߜݔ௉್൯
ଶ
/ 10ି଼ ൫ܺுభߜݔுభ൯
ଶ
/ 10ି଼ ൫ܺுమߜݔுమ൯
ଶ
/ 10ି଼ ൫ܺுయߜݔுయ൯
ଶ
/ 10ି଼ ൫ߜݔ௉೟ೞ ௧ܲ௦⁄ ൯x100%
Glycol 100.77 7.01 0.236 0.003 0.293 0.028 
R-113 100.72 7.02 0.236 0.076 0.581 0.028 
Table C.1 Results of Uncertainty Analysis for Test Section Vapour Pressure 
 
 
Fluid ௧ܲ௦ / kPa ௩ܷ / m/s ൫ܺ௉೟ೞߜݔ௉೟ೞ൯
ଶ
/ 10ି଺ ൫ܺௗ೟ೞߜݔௗ೟ೞ൯
ଶ
/ 10ି଺ ൫ܺ௠ሶ ೡߜݔ௠ሶ ೡ൯
ଶ
/ 10ି଺ ൫ߜݔ௎ೡ ܷ௩⁄ ൯x100%
Glycol 100.77 0.474 0.066 100 225 1.8 
R-113 100.72 0.292 0.065 100 225 1.8 
Table C.2 Results of Uncertainty Analysis for Test Section Vapour Velocity 
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Table C.3a Results of Uncertainty Analysis for Smooth Tube: Heat Flux Measurement 
Fluid ௖ܷ /  l/min ൫ܺ௠ሶ ೎ߜݔ௠ሶ ೎൯
ଶ
/ 10ିହ ൫ܺ∆ ೎்ߜݔ∆ ೎்൯
ଶ
/ 10ିହ ሺܺௗߜݔௗሻଶ/ 10ିହ ሺ ௟ܺߜݔ௟ሻଶ/ 10ିହ ൫ߜݔ௤ ݍ⁄ ൯x100% 
Glycol ( ௧ܲ௦ ൌ100.77kPa) 
(P6) 
10 250 0.28 6.2 2.5 5.09 
24 43.4 0.964 6.2 2.5 2.3 
R-113 ( ௧ܲ௦ ൌ 100.72kPa) 
(P7) 
9 250 12.5 6.2 2.5 5.21 
23 54.6 45.4 6.2 2.5 3.3 
Table C.3b Results of Uncertainty Analysis for Pin Tube: Heat Flux Measurement (Highest Performing Pin Tube) 
Fluid ௖ܷ /  l/min ൫ܺ௠ሶ ೎ߜݔ௠ሶ ೎൯
ଶ
/ 10ିହ ൫ܺ∆ ೎்ߜݔ∆ ೎்൯
ଶ
/ 10ିହ ሺܺௗߜݔௗሻଶ/ 10ିହ ሺ ௟ܺߜݔ௟ሻଶ/ 10ିହ ൫ߜݔ௤ ݍ⁄ ൯x100% 
Glycol ( ௧ܲ௦ ൌ100.77kPa) 
(P1) 
10 250 0.54 6.2 2.5 5.09 
24 43.4 2.68 6.2 2.5 2.34 
R-113 ( ௧ܲ௦ ൌ 100.72kPa) 
(P1) 
9 308 30.7 6.2 2.5 5.9 
23 47.3 151.6 6.2 2.5 4.6 
Table C.3c Results of Uncertainty Analysis for Pin Tube: Heat Flux Measurement (Lowest Performing Pin Tube) 
Fluid ௖ܷ /  l/min ൫ܺ௠ሶ ೎ߜݔ௠ሶ ೎൯
ଶ
/ 10ିହ ൫ܺ∆ ೎்ߜݔ∆ ೎்൯
ଶ
/ 10ିହ ሺܺௗߜݔௗሻଶ/ 10ିହ ሺ ௟ܺߜݔ௟ሻଶ/ 10ିହ ൫ߜݔ௤ ݍ⁄ ൯x100% 
Glycol ( ௧ܲ௦ ൌ 100.77kPa) 10 250 3.02 6.2 2.5 5.12 
24 43.4 14.9 6.2 2.5 2.59 
R-113 ( ௧ܲ௦ ൌ 100.72kPa) 9 308.6 268.8 6.2 2.5 7.7 
23 47.3 1000 6.2 2.5 10.2 
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Fluid ௖ܷ /  l/min ൫ܺ௤ߜݔ௤൯
ଶ
/ 10ି଺ ൫ܺ௉೟ೞߜݔ௉೟ೞ൯
ଶ
/ 10ି଺ ൫்ܺ೔೙ߜݔ்೔೙൯
ଶ
/ 10ି଺ ൫ܺ ೚்ೠ೟ߜݔ ೚்ೠ೟൯
ଶ
/ 10ି଺ ൫ߜݔ௎೚ ܷ௢⁄ ൯x100%
Glycol ( ௧ܲ௦ ൌ 100.77kPa) 10 2617 0.000003 0.076 0.076 5.12 
24 670 0.000003 0.076 0.076 2.59 
R-113 ( ௧ܲ௦ ൌ 100.72kPa) 9 5862 0.000117 3.288 3.288 7.66 
23 10560 0.000117 3.283 3.283 10.3 
Table C.4a Results of Uncertainty Analysis for Smooth Tube: Overall Heat-Transfer Coefficient 
Fluid ௖ܷ /  l/min ൫ܺ௤ߜݔ௤൯
ଶ
/ 10ି଺ ൫ܺ௉೟ೞߜݔ௉೟ೞ൯
ଶ
/ 10ି଺ ൫்ܺ೔೙ߜݔ்೔೙൯
ଶ
/ 10ି଺ ൫ܺ ೚்ೠ೟ߜݔ ೚்ೠ೟൯
ଶ
/ 10ି଺ ൫ߜݔ௎೚ ܷ௢⁄ ൯x100%
Glycol ( ௧ܲ௦ ൌ100.77kPa) 
(P6) 
10 2590 0.000003 0.077 0.077 5.09 
24 531 0.000003 0.076 0.076 2.3 
R-113 ( ௧ܲ௦ ൌ 100.72kPa) 
(P7) 
9 2712 0.0000826 2.31 2.31 5.2 
23 1087 0.0000818 2.29 2.29 3.3 
Table C.4b Results of Uncertainty Analysis for Pin Tube: Overall Heat-Transfer Coefficient (Highest Performing Pin Tube) 
Fluid ௖ܷ /  l/min ൫ܺ௤ߜݔ௤൯
ଶ
/ 10ି଺ ൫ܺ௉೟ೞߜݔ௉೟ೞ൯
ଶ
/ 10ି଺ ൫்ܺ೔೙ߜݔ்೔೙൯
ଶ
/ 10ି଺ ൫ܺ ೚்ೠ೟ߜݔ ೚்ೠ೟൯
ଶ
/ 10ି଺ ൫ߜݔ௎೚ ܷ௢⁄ ൯x100%
Glycol ( ௧ܲ௦ ൌ100.77kPa) 
(P1) 
10 2592 0.000003 0.078 0.078 5.09 
24 548 0.000003 0.077 0.077 2.34 
R-113 ( ௧ܲ௦ ൌ 100.72kPa) 
(P1) 
9 3480 0.000107 3.008 3.008 5.9 
23 2075 0.000105 2.94 2.94 4.56 
Table C.4c Results of Uncertainty Analysis for Pin Tube: Overall Heat-Transfer Coefficient (Lowest Performing Pin Tube) 
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Fluid ௖ܷ /  l/min ൫ܺ௎బߜݔ௎బ൯
ଶ
/ 10ି଺ ൫ܺఈ೎ߜݔఈ೎൯
ଶ
/ 10ି଺ ሺܺௗߜݔௗሻ
ଶ/ 10ି଺ ൫ܺௗ೔ߜݔௗ೔൯
ଶ
/ 10ି଺ ൫ܺ௞ೢߜݔ௞ೢ൯
ଶ
/ 10ି଺ ሺߜݔఈ ߙ⁄ ሻx100% 
Glycol ( ௧ܲ௦ ൌ100.77kPa) 10 3816 175 3.06 5.75 0.211 6.37 
24 824 46.2 0.547 1.14 0.204 3.06 
R-113 ( ௧ܲ௦ ൌ 100.72kPa) 9 7714 85.35 1.52 2.85 0.091 8.86 
23 12274 22.4 0.285 0.581 0.084 11.12 
Table C.5a Results of Uncertainty Analysis for Smooth Tube: Vapour-Side Heat-Transfer Coefficient 
Fluid ௖ܷ /  l/min ൫ܺ௎బߜݔ௎బ൯
ଶ
/ 10ି଺ ൫ܺఈ೎ߜݔఈ೎൯
ଶ
/ 10ି଺ ሺܺௗߜݔௗሻ
ଶ/ 10ି଺ ൫ܺௗ೔ߜݔௗ೔൯
ଶ
/ 10ି଺ ൫ܺ௞ೢߜݔ௞ೢ൯
ଶ
/ 10ି଺ ሺߜݔఈ ߙ⁄ ሻx100% 
Glycol ( ௧ܲ௦ ൌ100.77kPa) 
(P6) 
10 11465 4877 74.6 145 10.4 12.9 
24 1271 1141 12.08 25.9 6.36 5.01 
R-113 ( ௧ܲ௦ ൌ 100.72kPa) 
(P7) 
9 11261 4249 76.20 142 4.41 12.54 
23 2661 1182 16.82 33.29 3.23 6.28 
Table C.5b Results of Uncertainty Analysis for Pin Tube: Vapour-Side Heat-Transfer Coefficient (Highest Performing Pin Tube) 
Fluid ௖ܷ /  l/min ൫ܺ௎బߜݔ௎బ൯
ଶ
/ 10ି଺ ൫ܺఈ೎ߜݔఈ೎൯
ଶ
/ 10ି଺ ሺܺௗߜݔௗሻ
ଶ/ 10ି଺ ൫ܺௗ೔ߜݔௗ೔൯
ଶ
/ 10ି଺ ൫ܺ௞ೢߜݔ௞ೢ൯
ଶ
/ 10ି଺ ሺߜݔఈ ߙ⁄ ሻx100% 
Glycol ( ௧ܲ௦ ൌ100.77kPa) 
(P1) 
10 6647 1465 24.5 46.5 2.16 9.07 
24 902 306 3.38 7.18 1.57 3.58 
R-113 ( ௧ܲ௦ ൌ 100.72kPa) 
(P1) 
9 8292 1176 21.25 39.58 1.17 9.78 
23 3254 231 2.74 5.71 1.02 5.96 
Table C.5c Results of Uncertainty Analysis for Pin Tube: Vapour-Side Heat-Transfer Coefficient (Lowest Performing Pin Tube) 
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Fluid ௖ܷ /  l/min ൫ܺ௤ߜݔ௤൯
ଶ
/ 10ିଷ ሺܺఈߜݔఈሻ
ଶ/ 10ିଷ ሺߜݔ∆் ∆ܶ⁄ ሻx100% 
Glycol ( ௧ܲ௦ ൌ 100.77kPa) 10 2.62 4.1 8.17 
24 0.67 0.93 4.00 
R-113 ( ௧ܲ௦ ൌ 100.72kPa) 9 5.86 7.86 11.71 
23 10.56 12.36 13.14 
Table C.6a Results of Uncertainty Analysis for Smooth Tube: Vapour-Side Temperature Difference 
Fluid ௖ܷ /  l/min ൫ܺ௤ߜݔ௤൯
ଶ
/ 10ିଷ ሺܺఈߜݔఈሻ
ଶ/ 10ିଷ ሺߜݔ∆் ∆ܶ⁄ ሻx100% 
Glycol ( ௧ܲ௦ ൌ100.77kPa) 
(P6) 
10 2.59 16.56 13.84 
24 0.53 2.51 5.51 
R-113 ( ௧ܲ௦ ൌ 100.72kPa) 
(P7) 
9 2.71 15.7 13.58 
23 1.09 3.94 7.09 
Table C.6b Results of Uncertainty Analysis for Pin Tube: Vapour-Side Temperature Difference (Highest Performing Pin Tube) 
Fluid ௖ܷ /  l/min ൫ܺ௤ߜݔ௤൯
ଶ
/ 10ିଷ ሺܺఈߜݔఈሻ
ଶ/ 10ିଷ ሺߜݔ∆் ∆ܶ⁄ ሻx100% 
Glycol ( ௧ܲ௦ ൌ100.77kPa) 
(P1) 
10 2.59 8.22 10.4 
24 0.55 1.28 4.27 
R-113 ( ௧ܲ௦ ൌ 100.72kPa) 
(P1) 
9 3.48 9.57 11.42 
23 2.08 3.55 7.5 
Table C.6c Results of Uncertainty Analysis for Pin Tube: Vapour-Side Temperature Difference (Lowest Performing Pin Tube) 
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Appendix D: Experimental Results 
Fluid: R-113 Tube: Plain Material: Copper Present Data 
∆ܶ
K
 ௦ܶ௔௧
K
 
௖ܷ
m/s
 
ܷ௩
m/s
 ௖ܶ௜௡
K
 ௖ܶ௢௨௧
K
 
∆ ௖ܶ
K
 ௪ܶ௢
K
 ௪ܶ௜
K
 
ݍ
kW/mଶ
 
Run No. 1 
23.11 320.02 1.13 0.29 291.16 291.51 0.35 296.89 296.7 31.28 
25.24 320.05 2.2 0.29 291.18 291.37 0.19 294.80 294.65 33.67 
26.13 320.05 3.41 0.29 291.18 291.31 0.13 293.91 293.76 34.54 
26.65 320.05 4.55 0.29 291.13 291.23 0.11 293.37 293.22 35.20 
26.98 320.05 5.69 0.29 291.16 291.2 0.08 293.06 292.91 35.30 
Run No. 2 
24.27 320.02 1.59 0.29 291.26 291.52 0.26 295.74 295.61 31.77 
25.62 320.02 2.73 0.29 291.28 291.4 0.15 294.40 294.2 33.36 
26.32 320.02 3.87 0.29 291.26 291.37 0.11 293.70 293.55 33.97 
26.77 320.02 5.01 0.29 291.21 291.30 0.08 293.25 293.10 34.41 
27.04 320.02 6.15 0.29 291.19 291.26 0.07 292.98 292.82 35.19 
 
 
 
 
 
 
Fluid: R-113 Tube: P1 Material: Copper Present Data 
∆ܶ
K
 ௦ܶ௔௧
K
 
௖ܷ
m/s
 ௩ܷ
m/s
 ௖ܶ௜௡
K
 ௖ܶ௢௨௧
K
 
∆ ௖ܶ
K
 ௪ܶ௢
K
 ௪ܶ௜
K
 
ݍ
kW/mଶ
 
Run No. 1 
16.36 320.85 1.13 0.28 289.74 290.67 0.93 304.48 304.13 81.40 
20.69 320.85 2.01 0.28 289.74 290.31 0.57 300.16 299.7 93.74 
22.80 320.85 2.96 0.28 289.71 290.13 0.41 298.04 297.63 100.55 
24.08 320.85 3.87 0.28 289.71 290.04 0.32 296.76 296.34 103.73 
25.07 320.85 4.78 0.28 289.61 289.88 0.27 295.77 295.34 106.72 
25.79 320.85 5.69 0.28 289.54 289.77 0.23 295.05 294.61 108.30 
Run No. 2 
18.57 320.85 1.59 0.28 289.76 290.49 0.73 302.28 301.89 89.29 
21.67 320.87 2.50 0.28 289.74 290.23 0.49 299.2 298.78 96.8 
23.33 320.85 3.41 0.28 289.71 290.09 0.37 297.52 297.09 102.65 
24.52 320.85 4.33 0.28 289.61 289.91 0.30 296.27 295.84 107.15 
25.31 320.85 5.24 0.28 289.56 289.82 0.25 295.53 295.08 109.21 
25.96 320.85 6.15 0.28 289.49 289.7 0.22 294.88 294.42 111.71 
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Fluid: R-113 Tube: P2 Material: Copper Present Data 
∆ܶ
K
 ௦ܶ௔௧
K
 
௖ܷ
m/s
 
ܷ௩
m/s
 ௖ܶ௜௡
K
 ௖ܶ௢௨௧
K
 
∆ ௖ܶ
K
 ௪ܶ௢
K
 ௪ܶ௜
K
 
ݍ
kW/mଶ
 
Run No. 1 
17.12 320.87 2.01 0.28 290.21 290.9 0.75 303.75 303.23 118.43 
19.54 320.87 2.96 0.28 290.31 290.87 0.56 301.32 300.77 126.96 
21.33 320.87 3.87 0.28 290.21 290.6 0.44 299.54 298.96 130.93 
22.44 320.87 4.78 0.28 290.1 290.48 0.37 298.42 297.83 136.18 
23.24 320.87 5.69 0.28 290.1 290.43 0.32 297.6 297.02 139.8 
Run No. 2 
14.96 320.87 1.59 0.28 290.23 291.16 0.92 305.91 305.41 113.56 
18.29 320.87 2.50 0.28 290.23 290.89 0.65 302.5 302.0 125.61 
20.31 320.87 3.41 0.28 290.16 290.67 0.50 300.56 299.98 133.15 
21.75 320.87 4.33 0.28 290.1 290.52 0.41 299.12 298.52 137.27 
22.6 320.87 5.24 0.28 290.08 290.44 0.35 298.18 297.56 141.65 
23.3 320.87 6.15 0.28 290.08 290.4 0.31 297.55 296.91 146.9 
 
 
 
 
 
 
Fluid: R-113 Tube: P7 Material: Copper Present Data 
∆ܶ
K
 ௦ܶ௔௧
K
 
௖ܷ
m/s
 ௩ܷ
m/s
 ௖ܶ௜௡
K
 ௖ܶ௢௨௧
K
 
∆ ௖ܶ
K
 ௪ܶ௢
K
 ௪ܶ௜
K
 
ݍ
kW/mଶ
 
Run No. 1 
17.83 320.56 2.37 0.292 285.56 286.45 0.894 302.72 301.99 156.72 
19.13 320.56 2.85 0.292 285.61 286.37 0.765 301.42 300.67 160.84 
20.26 320.56 3.32 0.292 285.63 286.30 0.667 300.29 299.53 163.69 
21.02 320.56 3.80 0.292 285.56 286.16 0.604 299.54 298.75 169.32 
21.87 320.56 4.27 0.292 285.56 286.10 0.542 298.69 297.89 171.03 
22.54 320.58 4.75 0.292 285.58 286.08 0.495 298.04 297.23 173.41 
22.86 320.58 5.08 0.292 285.61 286.08 0.469 297.71 296.89 175.92 
Run No. 2 
18.38 320.611 2.61 0.292 285.86 286.68 0.822 302.22 301.48 158.41 
19.56 320.611 3.08 0.292 285.88 286.60 0.712 301.04 300.28 162.21 
20.33 320.611 3.56 0.292 285.88 286.52 0.639 300.27 299.48 167.99 
21.25 320.611 4.03 0.292 285.81 286.38 0.573 299.35 298.55 170.67 
22.08 320.611 4.51 0.292 285.81 286.33 0.516 298.52 297.72 171.7 
22.73 320.611 4.99 0.292 285.83 286.31 0.470 297.87 297.06 173.17 
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Fluid: R-113 Tube: P8 Material: Copper Present Data 
∆ܶ
K
 ௦ܶ௔௧
K
 
௖ܷ
m/s
 
ܷ௩
m/s
 ௖ܶ௜௡
K
 ௖ܶ௢௨௧
K
 
∆ ௖ܶ
K
 ௪ܶ௢
K
 ௪ܶ௜
K
 
ݍ
kW/mଶ
 
Run No. 1 
23.64 320.46 2.37 0.282 279.64 280.42 0.777 296.82 296.12 148.38 
25.00 320.46 2.85 0.282 279.64 280.31 0.662 295.45 294.74 151.84 
26.28 320.46 3.32 0.282 279.64 280.22 0.572 294.18 293.46 153.03 
27.30 320.46 3.80 0.282 279.59 280.10 0.506 293.15 292.43 154.71 
28.08 320.49 4.27 0.282 279.59 280.05 0.456 292.40 291.66 157.05 
28.93 320.49 4.75 0.283 279.54 279.95 0.411 291.55 290.81 157.13 
29.51 320.46 5.10 0.283 279.54 279.92 0.380 290.95 290.22 156.17 
Run No. 2 
24.50 320.51 2.61 0.282 279.29 280.01 0.724 296.01 295.30 152.13 
25.84 320.51 3.08 0.282 279.29 279.91 0.621 294.67 293.95 154.37 
26.87 320.51 3.56 0.282 279.26 279.81 0.548 293.64 292.90 157.18 
27.73 320.51 4.03 0.282 279.24 279.73 0.492 292.78 292.03 159.78 
28.60 320.51 4.51 0.283 279.21 279.66 0.442 291.91 291.16 160.43 
29.48 320.51 4.99 0.283 279.21 279.61 0.396 291.03 290.28 158.84 
 
 
 
 
 
Fluid: R-113 Tube: P10 Material: Copper Present Data 
∆ܶ
K
 ௦ܶ௔௧
K
 
௖ܷ
m/s
 ௩ܷ
m/s
 ௖ܶ௜௡
K
 ௖ܶ௢௨௧
K
 
∆ ௖ܶ
K
 ௪ܶ௢
K
 ௪ܶ௜
K
 
ݍ
kW/mଶ
 
Run No. 1 
18.97 320.63 2.37 0.291 284.30 285.20 0.893 301.65 300.92 156.63 
20.15 320.63 2.85 0.291 284.28 285.05 0.774 300.48 299.72 162.81 
21.13 320.63 3.32 0.291 284.28 284.96 0.683 299.49 298.71 167.79 
22.03 320.63 3.80 0.290 284.23 284.84 0.612 298.60 297.79 171.85 
22.81 320.63 4.27 0.291 284.18 284.73 0.556 297.82 297.00 175.44 
23.62 320.63 4.75 0.291 284.15 284.66 0.503 297.01 296.18 176.53 
24.07 320.63 5.03 0.291 284.13 284.60 0.476 296.55 295.73 176.95 
Run No. 2 
18.91 320.53 2.61 0.291 285.13 285.96 0.823 301.62 300.88 158.62 
20.06 320.53 3.08 0.291 285.13 285.85 0.715 300.47 299.71 163.01 
20.98 320.53 3.56 0.291 285.16 285.79 0.635 299.55 298.77 166.90 
21.63 320.53 4.03 0.291 285.13 285.71 0.578 298.89 298.09 172.39 
22.58 320.53 4.51 0.291 285.06 285.58 0.519 297.94 297.14 172.86 
23.30 320.51 4.99 0.292 285.06 285.53 0.471 297.20 296.39 173.45 
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Fluid: R-113 Tube: P11 Material: Copper Present Data 
∆ܶ
K
 ௦ܶ௔௧
K
 
௖ܷ
m/s
 
ܷ௩
m/s
 ௖ܶ௜௡
K
 ௖ܶ௢௨௧
K
 
∆ ௖ܶ
K
 ௪ܶ௢
K
 ௪ܶ௜
K
 
ݍ
kW/mଶ
 
Run No. 1 
20.59 319.73 2.37 0.295 286.39 287.05 0.666 299.14 298.60 116.65 
21.69 319.73 2.85 0.295 286.34 286.90 0.567 298.04 297.48 119.13 
22.54 319.73 3.32 0.295 286.29 286.78 0.497 297.19 296.62 121.82 
23.23 319.73 3.80 0.295 286.31 286.75 0.441 296.50 295.92 123.58 
23.85 319.73 4.27 0.295 286.36 286.76 0.394 295.88 295.30 124.33 
24.37 319.73 4.75 0.295 286.34 286.70 0.359 295.36 294.77 125.95 
24.79 319.73 5.15 0.295 286.26 286.60 0.335 294.94 294.34 127.43 
Run No. 2 
21.07 319.73 2.61 0.295 286.21 286.84 0.624 298.66 298.10 120.25 
22.06 319.73 3.08 0.295 286.16 286.70 0.539 297.67 297.10 122.85 
22.77 319.76 3.56 0.295 286.11 286.59 0.481 296.98 296.39 126.54 
23.33 319.76 4.03 0.295 286.19 286.62 0.433 296.42 295.82 128.90 
23.97 319.78 4.51 0.295 286.16 286.55 0.391 295.80 295.19 130.10 
24.52 319.78 4.99 0.295 286.09 286.44 0.358 295.26 294.6 131.78 
24.72 319.78 5.15 0.295 286.04 286.38 0.348 295.06 294.44 132.24 
 
 
 
 
 
Fluid: R-113 Tube: P12 Material: Copper Present Data 
∆ܶ
K
 ௦ܶ௔௧
K
 
௖ܷ
m/s
 ௩ܷ
m/s
 ௖ܶ௜௡
K
 ௖ܶ௢௨௧
K
 
∆ ௖ܶ
K
 ௪ܶ௢
K
 ௪ܶ௜
K
 
ݍ
kW/mଶ
 
Run No. 1 
21.59 320.65 2.37 0.297 286.11 286.79 0.674 299.06 298.51 118.17 
22.67 320.65 2.85 0.297 286.11 286.68 0.574 297.98 297.41 120.60 
23.46 320.65 3.32 0.297 286.11 286.61 0.504 297.19 296.61 123.58 
24.23 320.65 3.80 0.297 286.06 286.51 0.447 296.42 295.84 125.46 
24.99 320.65 4.27 0.297 286.04 286.43 0.39 295.66 295.07 125.28 
24.91 320.65 4.32 0.298 286.06 286.46 0.398 295.74 295.15 127.03 
Run No. 2 
21.98 320.65 2.61 0.297 285.73 286.385 0.646 298.67 298.09 124.48 
23.19 320.65 3.08 0.296 285.68 286.23 0.549 297.46 296.87 125.12 
23.89 320.65 3.56 0.296 285.68 286.17 0.488 296.76 296.16 128.44 
24.61 320.65 4.03 0.296 285.66 286.10 0.436 296.04 295.43 130.0 
25.12 320.65 4.27 0.296 285.56 285.97 0.410 295.53 294.93 129.33 
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Fluid: R-113 Tube: Plain Material: Brass Present Data 
∆ܶ
K
 ௦ܶ௔௧
K
 
௖ܷ
m/s
 
ܷ௩
m/s
 ௖ܶ௜௡
K
 ௖ܶ௢௨௧
K
 
∆ ௖ܶ
K
 ௪ܶ௢
K
 ௪ܶ௜
K
 
ݍ
kW/mଶ
 
Run No. 1 
23.59 320.36 1.13 0.28 290.38 290.75 0.37 296.77 296.24 32.41 
25.85 320.36 2.27 0.28 290.41 290.60 0.19 294.50 293.94 33.93 
26.75 320.36 3.41 0.28 290.41 290.54 0.13 293.61 293.03 34.78 
27.27 320.39 4.55 0.28 290.41 290.51 0.10 293.12 292.53 35.24 
27.52 320.36 5.69 0.28 290.43 290.52 0.08 292.84 292.24 35.89 
23.59 320.36 1.13 0.28 290.38 290.75 0.37 296.77 296.24 32.41 
25.85 320.36 2.27 0.28 290.41 290.60 0.19 294.50 293.94 33.93 
Run No. 2 
24.84 320.39 1.59 0.29 290.56 290.82 0.26 295.55 295.01 32.27 
26.21 320.39 2.73 0.29 290.56 290.72 0.16 294.17 293.61 33.92 
26.86 320.39 3.87 0.29 290.58 290.70 0.11 293.53 292.95 34.75 
27.24 320.39 5.01 0.29 290.58 290.68 0.09 293.14 292.55 35.40 
27.54 320.46 6.15 0.28 290.63 290.71 0.07 292.92 292.32 35.81 
24.84 320.39 1.59 0.29 290.56 290.82 0.26 295.55 295.01 32.27 
26.21 320.39 2.73 0.29 290.56 290.72 0.16 294.17 293.61 33.92 
 
 
 
 
 
Fluid: R-113 Tube: P1 Material: Brass Present Data 
∆ܶ
K
 ௦ܶ௔௧
K
 
௖ܷ
m/s
 ௩ܷ
m/s
 ௖ܶ௜௡
K
 ௖ܶ௢௨௧
K
 
∆ ௖ܶ
K
 ௪ܶ௢
K
 ௪ܶ௜
K
 
ݍ
kW/mଶ
 
Run No. 1 
15.55 320.61 1.13 0.28 289.98 290.88 0.89 305.05 303.78 78.10 
19.66 320.61 2.05 0.28 289.96 290.51 0.54 300.94 299.54 85.79 
21.62 320.61 2.96 0.28 289.91 290.31 0.39 298.98 297.48 90.55 
22.81 320.63 3.87 0.28 289.84 290.15 0.31 297.82 296.25 94.75 
23.70 320.61 4.78 0.28 289.74 290.00 0.26 296.90 295.30 96.95 
24.21 320.61 5.69 0.28 289.76 289.99 0.22 296.39 294.74 99.63 
15.55 320.61 1.13 0.28 289.98 290.88 0.89 305.05 303.78 78.10 
Run No. 2 
17.64 320.61 1.59 0.28 290.28 290.97 0.68 302.96 301.59 83.58 
20.47 320.61 2.50 0.28 290.01 290.48 0.47 300.13 298.64 90.63 
21.99 320.61 3.41 0.28 289.86 290.23 0.36 298.61 297.03 96.01 
23.23 320.61 4.32 0.28 289.69 289.98 0.29 297.37 295.75 97.65 
23.96 320.61 5.24 0.28 289.59 289.84 0.25 296.64 294.97 100.70 
24.53 320.61 6.15 0.28 289.51 289.73 0.21 296.07 294.36 102.94 
224 
 
 
Fluid: R-113 Tube: P2 Material: Brass Present Data 
∆ܶ
K
 ௦ܶ௔௧
K
 
௖ܷ
m/s
 
ܷ௩
m/s
 ௖ܶ௜௡
K
 ௖ܶ௢௨௧
K
 
∆ ௖ܶ
K
 ௪ܶ௢
K
 ௪ܶ௜
K
 
ݍ
kW/mଶ
 
Run No. 1 
14.29 320.65 1.13 0.28 289.66 290.65 0.99 306.36 304.94 86.63 
18.51 320.68 2.05 0.28 289.71 290.33 0.61 302.16 300.57 97.38 
20.57 320.68 2.96 0.28 289.81 290.26 0.45 300.10 298.41 103.02 
21.80 320.68 3.87 0.28 289.79 290.15 0.36 298.87 297.09 108.08 
22.80 320.65 4.78 0.28 289.69 289.99 0.30 297.85 296.02 110.68 
23.44 320.65 5.69 0.28 289.61 289.87 0.26 297.21 295.32 114.36 
14.29 320.65 1.13 0.28 289.66 290.65 0.99 306.36 304.94 86.63 
Run No. 2 
16.59 320.65 1.59 0.28 289.84 290.60 0.76 304.06 302.53 93.75 
19.46 320.65 2.50 0.28 289.84 290.37 0.53 301.19 299.52 101.86 
21.06 320.65 3.41 0.28 289.81 290.22 0.41 299.59 297.82 107.44 
22.17 320.65 4.32 0.28 289.79 290.12 0.33 298.48 296.65 110.87 
22.88 320.65 5.24 0.28 289.81 290.09 0.28 297.77 295.88 114.18 
23.31 320.65 6.15 0.28 289.81 290.06 0.25 297.34 295.37 118.76 
16.59 320.65 1.59 0.28 289.84 290.60 0.76 304.06 302.53 93.75 
 
 
 
 
 
Fluid: R-113 Tube: Plain Material: Bronze Present Data 
∆ܶ
K
 ௦ܶ௔௧
K
 
௖ܷ
m/s
 ௩ܷ
m/s
 ௖ܶ௜௡
K
 ௖ܶ௢௨௧
K
 
∆ ௖ܶ
K
 ௪ܶ௢
K
 ௪ܶ௜
K
 
ݍ
kW/mଶ
 
Run No. 1 
25.32 320.17 1.13 0.28 289.91 290.28 0.37 294.85 294.08 32.32 
26.90 320.17 2.27 0.28 289.96 290.15 0.19 293.27 292.47 33.65 
27.49 320.17 3.41 0.28 289.98 290.12 0.13 292.67 291.84 34.61 
27.93 320.29 4.55 0.28 290.01 290.11 0.10 292.35 291.51 35.26 
28.17 320.29 5.69 0.28 290.01 290.09 0.08 292.11 291.27 35.37 
25.32 320.17 1.13 0.28 289.91 290.28 0.37 294.85 294.08 32.32 
26.90 320.17 2.27 0.28 289.96 290.15 0.19 293.27 292.47 33.65 
Run No. 2 
25.80 320.17 1.59 0.28 290.41 290.67 0.26 294.36 293.59 32.28 
26.82 320.17 2.73 0.28 290.46 290.62 0.15 293.34 292.56 32.89 
27.30 320.24 3.87 0.28 290.48 290.60 0.11 292.94 292.12 34.02 
27.65 320.32 5.01 0.28 290.48 290.57 0.08 292.66 291.83 34.45 
27.91 320.32 6.15 0.28 290.46 290.53 0.07 292.40 291.59 34.06 
25.80 320.17 1.59 0.28 290.41 290.67 0.26 294.36 293.59 32.28 
225 
 
 
Fluid: R-113 Tube: P1 Material: Bronze Present Data 
∆ܶ
K
 ௦ܶ௔௧
K
 
௖ܷ
m/s
 
ܷ௩
m/s
 ௖ܶ௜௡
K
 ௖ܶ௢௨௧
K
 
∆ ௖ܶ
K
 ௪ܶ௢
K
 ௪ܶ௜
K
 
ݍ
kW/mଶ
 
Run No. 1 
20.28 320.53 1.13 0.28 288.51 289.40 0.88 300.25 298.44 77.21 
23.10 320.53 2.05 0.28 288.51 289.05 0.53 297.42 295.42 84.24 
24.50 320.53 2.96 0.28 288.56 288.95 0.38 296.02 293.93 87.93 
25.32 320.53 3.87 0.28 288.59 288.89 0.30 295.20 293.04 91.25 
25.87 320.53 4.78 0.28 288.61 288.87 0.25 294.66 292.44 93.02 
26.19 320.53 5.69 0.28 288.66 288.8 0.21 294.34 292.07 94.24 
20.28 320.53 1.13 0.28 288.51 289.40 0.88 300.25 298.44 77.21 
Run No. 2 
21.49 320.56 1.59 0.28 289.06 289.74 0.67 299.07 297.13 82.38 
23.36 320.56 2.50 0.28 288.99 289.45 0.45 297.20 295.10 88.11 
24.44 320.56 3.41 0.28 288.99 289.34 0.35 296.11 293.93 92.23 
25.21 320.56 4.32 0.28 288.96 289.24 0.28 295.34 293.12 93.64 
25.71 320.56 5.24 0.28 288.94 289.17 0.23 294.84 292.57 95.30 
26.10 320.56 6.15 0.28 288.91 289.12 0.20 294.45 292.16 96.57 
21.49 320.56 1.59 0.28 289.06 289.74 0.67 299.07 297.13 82.38 
   
Fluid: R-113 Tube: P2 Material: Bronze Present Data 
∆ܶ
K
 ௦ܶ௔௧
K
 
௖ܷ
m/s
 ௩ܷ
m/s
 ௖ܶ௜௡
K
 ௖ܶ௢௨௧
K
 
∆ ௖ܶ
K
 ௪ܶ௢
K
 ௪ܶ௜
K
 
ݍ
kW/mଶ
 
Run No. 1 
16.46 320.49 1.13 0.28 289.69 290.63 0.94 304.02 302.09 82.93 
19.92 320.49 2.05 0.28 289.69 290.27 0.58 300.56 298.40 92.33 
21.39 320.49 2.96 0.28 289.74 290.17 0.43 299.09 296.77 98.22 
22.47 320.51 3.87 0.28 289.74 290.08 0.34 298.04 295.61 102.91 
23.17 320.51 4.78 0.28 289.76 290.05 0.28 297.33 294.84 105.36 
23.71 320.51 5.69 0.28 289.71 289.96 0.24 296.79 294.24 107.80 
Run No. 2 
18.45 320.51 1.59 0.28 289.09 289.85 0.76 302.06 299.88 93.36 
20.90 320.53 2.50 0.28 288.86 289.39 0.52 299.63 297.23 101.22 
22.38 320.53 3.41 0.28 288.69 289.10 0.40 298.15 295.61 107.00 
23.48 320.53 4.32 0.28 288.59 288.92 0.33 297.05 294.43 110.44 
24.17 320.53 5.24 0.28 288.46 288.75 0.28 296.36 293.66 113.95 
24.78 320.51 6.15 0.28 288.26 288.51 0.24 295.73 292.96 116.72 
226 
 
Fluid: Ethylene Glycol Tube: Plain Material: Copper Present Data 
∆ܶ
K
 ௦ܶ௔௧
K
 
௖ܷ
m/s
 
ܷ௩
m/s
 ௖ܶ௜௡
K
 ௖ܶ௢௨௧
K
 
∆ ௖ܶ
K
 ௪ܶ௢
K
 ௪ܶ௜
K
 
ݍ
kW/mଶ
 
Run No. 1 
147.89 469.07 2.05 0.476 285.24 287.26 2.02 321.18 320.24 303.78 
152.26 469.07 2.51 0.476 285.24 286.92 1.68 316.81 315.85 308.66 
155.24 469.07 2.96 0.476 285.21 286.67 1.46 313.83 312.85 316.28 
157.56 469.07 3.42 0.476 285.21 286.5 1.29 311.51 310.51 322.89 
159.74 469.07 3.87 0.476 285.19 286.33 1.14 309.33 308.33 324.38 
161.55 469.07 4.33 0.476 285.26 286.28 1.02 307.52 306.52 324.28 
163.15 469.07 4.79 0.476 285.21 286.14 0.92 305.92 304.92 324.12 
164.51 469.07 5.24 0.476 285.29 286.13 0.84 304.56 303.56 322.08 
Run No. 2 
143.99 469.2 1.82 0.474 288.32 290.54 2.22 325.21 324.3 295.36 
148.72 469.2 2.28 0.474 288.44 290.26 1.82 320.48 319.55 302.38 
152.07 469.2 2.73 0.474 288.27 289.82 1.55 317.13 316.17 311.1 
154.63 469.2 3.19 0.474 288.24 289.6 1.36 314.57 313.6 317.89 
156.82 469.2 3.64 0.474 288.22 289.42 1.21 312.38 311.39 321.53 
158.64 469.2 4.1 0.474 288.32 289.39 1.07 310.56 309.57 322.73 
160.21 469.2 4.56 0.474 288.19 289.17 0.97 308.99 307.99 325.45 
161.5 469.2 5.01 0.474 288.14 289.03 0.89 307.7 306.7 327.86 
162.68 469.2 5.47 0.474 288.17 288.98 0.82 306.51 305.51 327.61 
143.99 469.2 1.82 0.474 288.32 290.54 2.22 325.21 324.3 295.36 
Fluid: Ethylene Glycol Tube: P1 Material: Copper Present Data 
∆ܶ
K
 ௦ܶ௔௧
K
 
௖ܷ
m/s
 ௩ܷ
m/s
 ௖ܶ௜௡
K
 ௖ܶ௢௨௧
K
 
∆ ௖ܶ
K
 ௪ܶ௢
K
 ௪ܶ௜
K
 
ݍ
kW/mଶ
 
Run No. 1 
86.75 469.12 2.05 0.475 288.09 294.27 6.18 382.37 379.54 971.53 
96.26 469.12 2.51 0.475 287.94 293.17 5.23 372.86 369.93 1004.48 
103.44 469.12 2.96 0.475 287.89 292.44 4.55 365.68 362.67 1035.85 
108.99 469.12 3.42 0.475 287.89 291.94 4.04 360.13 357.04 1059.65 
114.04 469.12 3.87 0.475 287.79 291.41 3.62 355.09 351.94 1074.92 
118.03 469.12 4.33 0.475 287.72 291.01 3.29 351.09 347.9 1092.54 
121.71 469.12 4.79 0.475 287.64 290.65 3.01 347.41 344.18 1102.69 
124.81 469.12 5.24 0.475 287.54 290.31 2.77 344.31 341.04 1113.84 
Run No. 2 
82.74 469.5 1.82 0.47 289.87 296.55 6.68 386.76 384.06 932.66 
93.49 469.53 2.28 0.47 289.87 295.42 5.55 376.04 373.23 968.84 
100.63 469.53 2.73 0.47 289.57 294.39 4.83 368.9 365.96 1011.35 
106.68 469.53 3.19 0.47 289.67 293.92 4.26 362.85 359.82 1039.89 
111.62 469.53 3.65 0.47 289.77 293.57 3.81 357.9 354.81 1063.64 
116.7 469.53 4.1 0.47 289.79 293.18 3.39 352.83 349.72 1066.41 
120.09 469.53 4.56 0.47 289.89 293.00 3.11 349.44 346.28 1085.08 
123.47 469.53 5.01 0.47 289.67 292.52 2.85 346.06 342.87 1094.87 
126.35 469.53 5.47 0.47 289.89 292.52 2.63 343.17 339.97 1100.3 
82.74 469.5 1.82 0.47 289.87 296.55 6.68 386.76 384.06 932.66 
227 
 
Fluid: Ethylene Glycol Tube: P2 Material: Copper Present Data 
∆ܶ
K
 ௦ܶ௔௧
K
 
௖ܷ
m/s
 ௩ܷ
m/s
 ௖ܶ௜௡
K
 ௖ܶ௢௨௧
K
 
∆ ௖ܶ
K
 ௪ܶ௢
K
 ௪ܶ௜
K
 
ݍ
kW/mଶ
 
Run No. 1 
87.06 468.59 2.14 0.474 286.82 293.03 6.21 381.52 378.46 976.4 
96.27 468.64 2.61 0.474 286.89 292.16 5.27 372.37 369.18 1013.47 
103.29 468.62 3.09 0.474 286.84 291.44 4.6 365.33 362.04 1044.34 
109.18 468.62 3.56 0.475 286.77 290.83 4.07 359.44 356.07 1066.3 
113.61 468.62 4.04 0.475 286.74 290.42 3.68 355.01 351.56 1092.43 
118.28 468.62 4.51 0.475 286.62 289.92 3.31 350.33 346.86 1097.97 
121.57 468.62 4.99 0.475 286.77 289.8 3.04 347.05 343.52 1114.45 
124.75 468.62 5.47 0.475 286.87 289.66 2.79 343.86 340.32 1122.18 
Run No. 2 
83.38 468.42 1.9 0.47 288.27 294.91 6.65 385.04 382.13 928.29 
92.77 468.42 2.38 0.47 288.24 293.86 5.62 375.65 372.58 980.62 
100.55 468.42 2.85 0.47 288.14 292.98 4.84 367.87 364.68 1014.34 
106.84 468.42 3.33 0.47 288.09 292.34 4.25 361.57 358.3 1039.68 
111.7 468.42 3.8 0.47 288.09 291.9 3.81 356.72 353.37 1065.33 
116.4 468.42 4.28 0.47 288.04 291.46 3.42 352.02 348.63 1075.9 
120.07 468.42 4.75 0.47 288.04 291.16 3.12 348.35 344.91 1091.3 
123.05 468.42 5.23 0.47 287.97 290.85 2.88 345.37 341.88 1107.67 
125.93 468.42 5.7 0.47 288.07 290.73 2.66 342.48 338.97 1115.28 
Fluid: Ethylene Glycol Tube: P3 Material: Copper Present Data 
∆ܶ
K
 ௦ܶ௔௧
K
 
௖ܷ
m/s
 
ܷ௩
m/s
 ௖ܶ௜௡
K
 ௖ܶ௢௨௧
K
 
∆ ௖ܶ
K
 ௪ܶ௢
K
 ௪ܶ௜
K
 
ݍ
kW/mଶ
 
Run No. 1 
87.17 468.95 2.05 0.468 288.24 294.38 6.14 381.78 378.97 964.28 
97.28 468.97 2.51 0.468 288.29 293.43 5.14 371.69 368.81 987.68 
104.69 468.97 2.96 0.469 288.29 292.74 4.45 364.28 361.33 1010.16 
110.47 468.97 3.42 0.469 288.19 292.13 3.94 358.5 355.49 1031.12 
115.86 468.97 3.87 0.469 288.29 291.78 3.49 353.11 350.08 1036.35 
120.73 468.97 4.33 0.469 288.24 291.36 3.11 348.24 345.22 1033.77 
124.28 468.97 4.79 0.469 288.17 291.01 2.84 344.69 341.64 1042.35 
128.24 468.97 5.24 0.469 288.09 290.66 2.56 340.73 337.71 1030.75 
Run No. 2 
80.23 468.27 1.82 0.473 286.77 293.56 6.79 388.03 385.26 949.57 
92.17 468.32 2.28 0.473 286.69 292.28 5.59 376.15 373.29 977.19 
100.28 468.32 2.73 0.473 286.62 291.43 4.81 368.03 365.08 1008.7 
107.69 468.32 3.19 0.473 286.49 290.66 4.16 360.63 357.64 1019.14 
113.14 468.32 3.65 0.473 286.57 290.27 3.7 355.17 352.14 1034.76 
118.05 468.32 4.1 0.473 286.59 289.9 3.31 350.27 347.21 1041.01 
121.85 468.32 4.56 0.473 286.49 289.5 3.01 346.47 343.37 1053.18 
125.38 468.32 5.01 0.473 286.49 289.24 2.75 342.94 339.83 1057.79 
129.15 468.32 5.47 0.473 286.47 288.96 2.49 339.17 336.09 1046.18 
228 
 
Fluid: Ethylene Glycol Tube: P4 Material: Copper Present Data 
∆ܶ
K
 ௦ܶ௔௧
K
 
௖ܷ
m/s
 ௩ܷ
m/s
 ௖ܶ௜௡
K
 ௖ܶ௢௨௧
K
 
∆ ௖ܶ
K
 ௪ܶ௢
K
 ௪ܶ௜
K
 
ݍ
kW/mଶ
 
Run No. 1 
71.47 468.92 2.05 0.467 287.94 295.28 7.34 397.45 394.09 1153.33 
82.78 468.97 2.51 0.468 287.92 294.1 6.18 386.19 382.73 1187.31 
91.56 469 2.96 0.468 287.92 293.26 5.34 377.44 373.9 1212.49 
97.59 469 3.42 0.468 287.89 292.66 4.77 371.4 367.75 1248.97 
103.74 469 3.87 0.468 287.97 292.21 4.24 365.25 361.58 1259.05 
108.84 469 4.33 0.468 287.79 291.62 3.82 360.16 356.44 1269.04 
111.95 469 4.79 0.468 287.87 291.42 3.55 357.05 353.24 1302.12 
116.56 469 5.24 0.468 287.92 291.13 3.21 352.44 348.67 1290.11 
Run No. 2 
75.4 468.27 2.28 0.474 287.79 294.61 6.82 392.86 289.4 1190.47 
85.4 468.27 2.73 0.474 287.74 293.57 5.82 382.87 379.31 1220.36 
93.16 468.27 3.19 0.474 287.72 292.81 5.09 375.1 371.47 1245.56 
99.16 468.27 3.65 0.474 287.69 292.24 4.55 369.1 365.39 1271.64 
104.85 468.27 4.1 0.474 287.74 291.81 4.07 363.41 359.67 1280.51 
109.61 468.27 4.56 0.474 287.67 291.36 3.69 358.66 354.89 1289.21 
114.29 468.27 5.01 0.474 287.42 290.76 3.34 353.98 350.21 1284.85 
117.36 468.27 5.47 0.474 287.32 290.42 3.1 350.91 347.09 1301.66 
Fluid: Ethylene Glycol Tube: P5 Material: Copper Present Data 
∆ܶ
K
 ௦ܶ௔௧
K
 
௖ܷ
m/s
 
ܷ௩
m/s
 ௖ܶ௜௡
K
 ௖ܶ௢௨௧
K
 
∆ ௖ܶ
K
 ௪ܶ௢
K
 ௪ܶ௜
K
 
ݍ
kW/mଶ
 
Run No. 1 
90.33 468.97 2.05 0.467 287.42 293.32 5.91 378.64 375.93 928.64 
99.52 468.97 2.51 0.468 287.39 292.39 5 369.45 366.65 960.12 
106.79 468.97 2.96 0.468 287.34 291.67 4.33 362.18 359.3 982.48 
112.86 468.97 3.42 0.468 287.19 291 3.81 356.11 353.19 997.06 
117.58 468.97 3.87 0.468 287.24 290.65 3.41 351.39 348.42 1012.37 
122.69 468.97 4.33 0.468 287.22 290.24 3.02 346.28 343.34 1004.2 
126.3 468.97 4.79 0.468 286.99 289.75 2.76 342.67 339.7 1011.56 
129.92 468.97 5.24 0.468 286.99 289.49 2.5 339.05 336.1 1005.68 
Run No. 2 
84.1 468.72 1.82 0.467 288.14 294.67 6.52 384.62 381.96 911.21 
95.38 468.72 2.28 0.468 288.12 293.49 5.38 373.34 370.6 938.86 
103.6 468.72 2.73 0.468 288.44 293.03 4.59 365.12 362.32 961.33 
110.13 468.72 3.19 0.468 288.44 292.44 4 358.59 355.74 978.35 
115.91 468.72 3.65 0.468 288.44 291.96 3.52 352.81 349.93 983.46 
121.01 468.72 4.1 0.468 288.37 291.49 3.12 347.71 344.84 981.5 
124.47 468.72 4.56 0.468 288.39 291.24 2.84 344.25 341.34 994.06 
128.04 468.72 5.01 0.468 288.47 291.05 2.58 340.67 337.77 991.98 
131.8 468.72 5.47 0.468 288.09 290.43 2.34 336.92 334.05 979.5 
229 
 
Fluid: Ethylene Glycol Tube: P6 Material: Copper Present Data 
∆ܶ
K
 ௦ܶ௔௧
K
 
௖ܷ
m/s
 
ܷ௩
m/s
 ௖ܶ௜௡
K
 ௖ܶ௢௨௧
K
 
∆ ௖ܶ
K
 ௪ܶ௢
K
 ௪ܶ௜
K
 
ݍ
kW/mଶ
 
Run No. 1 
67.07 468.72 2.05 0.467 288.47 296.14 7.67 401.65 398.15 1205.05 
79.09 468.72 2.51 0.468 288.27 294.7 6.43 389.63 386.03 1235.07 
87.2 468.72 2.96 0.468 288.19 293.81 5.62 381.52 377.8 1275.48 
94.45 468.72 3.42 0.468 288.14 293.09 4.95 374.27 370.49 1297.17 
99.66 468.72 3.87 0.468 288.19 292.67 4.47 369.06 365.18 1328.58 
104.52 468.72 4.33 0.468 288.17 292.23 4.06 364.2 360.26 1347.35 
109.2 468.72 4.79 0.468 288.17 291.85 3.69 359.52 355.57 1352.5 
113.3 468.72 5.24 0.468 288.09 291.47 3.37 355.42 351.46 1355.66 
Run No. 2 
73.83 468.27 2.28 0.474 287.52 294.45 6.94 394.43 390.9 1211.13 
83.38 468.27 2.73 0.474 287.47 293.43 5.97 384.88 381.23 1250.55 
91.01 468.27 3.19 0.474 287.44 292.68 5.24 377.26 373.51 1281.35 
97.21 468.27 3.65 0.474 287.44 292.12 4.67 371.06 367.23 1307.25 
102.92 468.27 4.1 0.474 287.44 291.64 4.19 365.35 361.49 1319.09 
107.17 468.27 4.56 0.474 287.39 291.23 3.84 361.09 357.16 1340.68 
112.11 468.27 5.01 0.474 287.29 290.76 3.47 356.16 352.25 1332.97 
115.18 468.27 5.47 0.474 287.29 290.51 3.22 353.09 349.12 1351.85 
Fluid: Ethylene Glycol Tube: P7 Material: Copper Present Data 
∆ܶ
K
 ௦ܶ௔௧
K
 
௖ܷ
m/s
 
ܷ௩
m/s
 ௖ܶ௜௡
K
 ௖ܶ௢௨௧
K
 
∆ ௖ܶ
K
 ௪ܶ௢
K
 ௪ܶ௜
K
 
ݍ
kW/mଶ
 
Run No. 1 
80.17 469.58 2.05 0.467 289.29 296.01 6.71 389.41 386.35 1054.53 
89.88 469.58 2.51 0.467 289.72 295.41 5.7 379.7 376.52 1093.77 
97.08 469.58 2.96 0.467 289.94 294.92 4.98 372.5 369.22 1129.73 
102.61 469.58 3.42 0.467 289.94 294.39 4.45 366.97 363.58 1164.87 
107.81 469.58 3.87 0.467 289.72 293.71 3.99 361.77 358.32 1185.4 
112.39 469.58 4.33 0.467 289.47 293.08 3.62 357.19 353.69 1199.55 
116.06 469.58 4.79 0.467 289.64 292.95 3.31 353.52 349.98 1213.99 
118.98 469.58 5.24 0.467 289.54 292.61 3.07 350.59 346.99 1234.64 
Run No. 2 
72.18 469.35 1.82 0.466 286.42 293.93 7.51 397.17 394.1 1049.68 
84.08 469.35 2.28 0.466 286.34 292.6 6.26 385.27 382.07 1093.16 
92.2 469.35 2.73 0.466 286.37 291.8 5.43 377.15 373.81 1139.44 
99.25 469.35 3.19 0.466 286.34 291.12 4.78 370.1 366.67 1168.87 
104.9 469.35 3.65 0.466 290.61 290.61 4.27 364.45 360.95 1195.32 
110.25 469.35 4.1 0.466 286.22 290.05 3.83 359.1 355.55 1206.76 
114.33 469.35 4.56 0.466 286.14 289.64 3.5 355.02 351.42 1225.15 
118.12 469.35 5.01 0.466 286.17 289.38 3.21 351.22 347.59 1234.94 
121.3 469.35 5.47 0.466 286.12 289.09 2.97 348.05 344.38 1246.86 
230 
 
Fluid: Ethylene Glycol Tube: P8 Material: Copper Present Data 
∆ܶ
K
 ௦ܶ௔௧
K
 
௖ܷ
m/s
 ௩ܷ
m/s
 ௖ܶ௜௡
K
 ௖ܶ௢௨௧
K
 
∆ ௖ܶ
K
 ௪ܶ௢
K
 ௪ܶ௜
K
 
ݍ
kW/mଶ
 
Run No. 1 
91.52 469.5 2.05 0.468 289.54 294.97 5.43 377.98 375.31 917.22 
100.65 469.5 2.51 0.468 289.62 294.2 4.58 368.85 366.1 945.64 
107.15 469.5 2.96 0.468 289.59 293.59 4 362.35 359.51 976.13 
112.7 469.5 3.42 0.468 289.84 293.37 3.53 356.8 353.91 994.59 
117.64 469.5 3.87 0.468 289.62 292.77 3.15 351.86 348.93 1005.68 
121.52 469.5 4.33 0.468 289.62 292.47 2.86 347.98 345.01 1018.6 
125.08 469.5 4.79 0.468 289.44 292.04 2.6 344.42 341.43 1026.24 
127.99 469.5 5.24 0.468 289.32 291.72 2.4 341.51 338.49 1036.19 
Run No. 2 
86.71 469.27 1.82 0.465 286.97 292.89 5.93 382.57 379.96 890.52 
96.88 469.32 2.28 0.465 286.79 291.75 4.96 372.45 369.72 931.12 
104.13 469.35 2.73 0.465 286.92 291.21 4.3 365.22 362.38 968.6 
110.57 469.35 3.19 0.465 286.84 290.6 3.76 358.78 355.88 989.46 
115.4 469.35 3.65 0.465 286.72 290.09 3.37 353.95 350.98 1013.87 
119.82 469.35 4.1 0.465 286.84 289.88 3.03 349.53 346.52 1026.58 
123.9 469.35 4.56 0.465 286.67 289.41 2.75 345.45 342.42 1032.75 
126.85 469.35 5.01 0.465 286.67 289.2 2.53 342.49 339.42 1047.85 
130.26 469.35 5.47 0.465 286.72 289.03 2.31 339.09 336.02 1042.84 
Fluid: Ethylene Glycol Tube: P10 Material: Copper Present Data 
∆ܶ
K
 ௦ܶ௔௧
K
 
௖ܷ
m/s
 
ܷ௩
m/s
 ௖ܶ௜௡
K
 ௖ܶ௢௨௧
K
 
∆ ௖ܶ
K
 ௪ܶ௢
K
 ௪ܶ௜
K
 
ݍ
kW/mଶ
 
Run No. 1 
78.73 469.48 2.05 0.471 289.84 296.66 6.82 390.74 387.64 1070.21 
88.71 469.48 2.51 0.471 289.59 295.37 5.78 380.77 377.55 1108.95 
96.18 469.48 2.96 0.471 289.62 294.65 5.04 373.3 369.98 1143.27 
101.57 469.48 3.42 0.471 289.64 294.16 4.52 367.91 364.47 1182.33 
107.52 469.48 3.87 0.471 289.64 293.65 4.01 361.95 358.49 1189.23 
111.96 469.48 4.33 0.471 289.47 293.1 3.64 357.52 354.01 1206.13 
115.7 469.48 4.79 0.471 289.27 292.6 3.33 353.78 350.21 1222.51 
119.17 469.48 5.24 0.471 289.32 292.38 3.06 250.3 346.71 1230.13 
Run No. 2 
73.7 469.55 1.82 0.466 289.17 296.58 7.41 395.85 392.85 1034.75 
84.81 469.6 2.28 0.466 289.39 295.6 6.21 384.79 381.64 1083.12 
92.69 469.6 2.73 0.466 289.19 294.58 5.39 376.91 373.62 1129.48 
100.12 469.6 3.19 0.467 289.02 293.72 4.7 369.48 366.13 1149.82 
105.76 469.6 3.65 0.467 288.89 293.09 4.2 363.84 360.42 1173.05 
110.28 469.6 4.1 0.467 289.14 292.94 3.8 359.32 355.84 1194.38 
113.91 469.6 4.56 0.467 289.19 292.68 3.49 355.69 352.14 1218.2 
117.65 469.6 5.01 0.467 289.17 292.36 3.19 351.95 348.38 1227.05 
120.93 469.6 5.47 0.467 288.99 291.94 2.95 348.67 345.06 1235.38 
231 
 
Fluid: Ethylene Glycol Tube: P11 Material: Copper Present Data 
∆ܶ
K
 ௦ܶ௔௧
K
 
௖ܷ
m/s
 ௩ܷ
m/s
 ௖ܶ௜௡
K
 ௖ܶ௢௨௧
K
 
∆ ௖ܶ
K
 ௪ܶ௢
K
 ௪ܶ௜
K
 
ݍ
kW/mଶ
 
Run No. 1 
86.75 469.12 2.05 0.475 288.09 294.27 6.18 382.37 379.54 971.53 
96.26 469.12 2.51 0.475 287.94 293.17 5.23 372.86 369.93 1004.48 
103.44 469.12 2.96 0.475 287.89 292.44 4.55 365.68 362.67 1035.85 
108.99 469.12 3.42 0.475 287.89 291.94 4.04 360.13 357.04 1059.65 
114.04 469.12 3.87 0.475 287.79 291.41 3.62 355.09 351.94 1074.92 
118.03 469.12 4.33 0.475 287.72 291.01 3.29 351.09 347.9 1092.54 
121.71 469.12 4.79 0.475 287.64 290.65 3.1 347.41 344.18 1102.69 
124.81 469.12 5.24 0.475 287.54 290.31 2.77 344.31 341.04 1113.84 
Run No. 2 
82.74 469.5 1.82 0.47 289.87 296.55 6.68 386.76 384.06 932.66 
93.49 469.53 2.28 0.47 289.87 295.42 5.55 376.04 373.23 968.84 
100.63 469.53 2.73 0.47 289.57 294.39 4.83 368.9 365.96 1011.35 
106.68 469.53 3.19 0.47 289.67 293.92 4.26 362.85 359.82 1039.89 
111.62 469.53 3.65 0.47 289.77 293.57 3.81 357.9 354.81 1063.64 
116.7 469.53 4.1 0.47 289.79 293.18 3.39 352.83 349.72 1066.41 
120.09 469.53 4.56 0.47 289.89 293 3.11 349.44 346.28 1085.08 
123.47 469.53 5.01 0.47 289.67 292.52 2.85 346.06 342.87 1094.87 
126.35 469.53 5.47 0.47 289.89 292.52 2.63 343.17 339.97 1100.3 
Fluid: Ethylene Glycol Tube: P12 Material: Copper Present Data 
∆ܶ
K
 ௦ܶ௔௧
K
 
௖ܷ
m/s
 ௩ܷ
m/s
 ௖ܶ௜௡
K
 ௖ܶ௢௨௧
K
 
∆ ௖ܶ
K
 ௪ܶ௢
K
 ௪ܶ௜
K
 
ݍ
kW/mଶ
 
Run No. 1 
97.84 469.53 2.05 0.467 289.59 294.95 5.36 371.68 369.23 842.45 
105.14 469.53 2.51 0.467 289.52 294.13 4.61 364.39 361.81 885.3 
111.66 469.53 2.96 0.467 289.99 293.98 3.99 357.86 355.23 905.77 
116.35 469.53 3.42 0.467 290.01 293.58 3.56 353.17 350.46 932.49 
120.93 469.53 3.87 0.467 289.99 293.17 3.18 348.6 345.85 943.52 
125 469.53 4.33 0.467 289.91 292.77 2.86 344.53 341.77 948.46 
128.04 469.53 4.79 0.467 289.84 292.46 2.62 341.49 338.69 961.03 
130.8 469.53 5.24 0.467 290.04 292.45 2.41 338.72 335.91 966.44 
Run No. 2 
91.17 469.27 1.82 0.466 286.14 292.17 6.03 378.1 375.63 843.61 
101.09 469.27 2.28 0.466 286.12 291.15 5.03 368.18 365.6 879.57 
108.53 469.27 2.73 0.466 286.17 290.49 4.33 360.74 358.08 908.25 
114.53 469.27 3.19 0.466 286.14 289.94 3.8 354.75 352.01 929.87 
119.23 469.27 3.65 0.466 286.09 289.49 3.4 350.04 347.25 950.92 
123.85 469.27 4.1 0.466 286.07 289.1 3.04 345.42 342.51 956.43 
127.25 469.27 4.56 0.466 286.04 288.81 2.77 342.02 339.17 970.25 
130.58 469.27 5.01 0.466 286.04 288.57 2.53 338.7 335.83 974.14 
133.3 469.27 5.47 0.466 286.07 288.4 2.34 335.97 333.08 980.39 
232 
 
Fluid: Ethylene Glycol Tube: Plain Material: Brass Present Data 
∆ܶ
K
 ௦ܶ௔௧
K
 
௖ܷ
m/s
 
ܷ௩
m/s
 ௖ܶ௜௡
K
 ௖ܶ௢௨௧
K
 
∆ ௖ܶ
K
 ௪ܶ௢
K
 ௪ܶ௜
K
 
ݍ
kW/mଶ
 
Run No. 1 
142.63 467.58 1.82 0.472 288.29 290.26 1.97 324.95 320.56 295.56 
147.13 467.58 2.27 0.472 288.24 289.84 1.59 320.44 315.96 299.6 
150.17 467.6 2.73 0.472 288.24 289.6 1.35 317.43 312.85 304.81 
152.64 467.63 3.19 0.472 288.21 289.39 1.17 314.99 310.34 307.74 
154.61 467.6 3.64 0.472 288.21 289.25 1.03 312.99 308.3 309.09 
156.24 467.6 4.1 0.472 288.24 289.16 0.92 311.36 306.65 309.89 
157.78 467.63 4.55 0.472 288.19 289.01 0.82 309.84 305.14 308.98 
158.94 467.58 5.01 0.472 288.06 288.82 0.75 308.63 303.91 310.11 
Run No. 2 
144.44 467.48 2.05 0.47 289.91 291.65 1.73 323.04 318.68 295.79 
147.99 467.58 2.5 0.47 289.79 291.24 1.45 319.58 315.1 299.01 
150.79 467.63 2.96 0.47 289.76 291 1.24 316.83 312.3 301.73 
152.61 467.63 3.41 0.47 289.79 290.88 1.09 315.01 310.37 307.24 
154.38 467.6 3.87 0.47 289.74 290.71 0.97 313.22 308.55 308.6 
156.17 467.6 4.32 0.47 289.61 290.47 0.86 311.43 306.79 306.25 
156.43 467.63 4.78 0.47 289.64 290.46 0.82 311.2 306.31 308.83 
156.59 467.58 5.24 0.47 289.66 290.44 0.78 310.99 305.88 309.46 
159.13 467.63 5.69 0.47 289.64 290.3 0.66 308.49 303.75 310.68 
144.44 467.48 2.05 0.47 289.91 291.65 1.73 323.04 318.68 295.79 
Fluid: Ethylene Glycol Tube: P1 Material: Brass Present Data 
∆ܶ
K
 ௦ܶ௔௧
K
 
௖ܷ
m/s
 ௩ܷ
m/s
 ௖ܶ௜௡
K
 ௖ܶ௢௨௧
K
 
∆ ௖ܶ
K
 ௪ܶ௢
K
 ௪ܶ௜
K
 
ݍ
kW/mଶ
 
Run No. 1 
104.59 467.43 1.82 0.47 286.4 290.84 4.35 362.83 353.59 608.63 
112.41 467.58 2.2 0.4 286.51 290.11 3.5 355.16 345. 629.36 
117.56 467.58 2.73 0.47 286.51 289.62 3.11 350.01 339.94 651.75 
121.78 467.58 3.19 0.47 286.4 289.22 2.82 345.80 335.4 668.25 
125.14 467.5 3.64 0.47 286.46 288.90 2.43 342.38 331.73 682.34 
128.01 467.55 4.10 0.47 286.4 288.69 2.29 339.53 328.66 693.49 
130.63 467.55 4.55 0.47 286.44 288.44 2.00 336.91 325.89 700.76 
132.79 467.55 5.01 0.47 286.41 288.25 1.84 334.76 323.58 708.42 
Run No. 2 
111.03 467.43 2.0 0.47 286.41 290.21 3.79 356.3 347.23 617.87 
116.42 467.58 2.50 0.47 286.44 289.70 3.26 351.15 341.47 644.71 
120.32 467.60 2.96 0.47 286.44 289.32 2.87 347.27 337.12 654.59 
123.49 467.63 3.41 0.47 286.41 288.99 2.58 344.13 333.58 677.48 
126.57 467.60 3.87 0.47 286.4 288.81 2.32 341.03 330.2 689.83 
129.67 467.60 4.1 0.47 286.44 288.52 2.08 337. 327.03 693.93 
131.98 467.63 4.78 0.47 286.36 288.2 1.91 335.6 324.57 702.88 
133.93 467.60 5.24 0.47 286.44 288.20 1.76 333.6 322. 709.45 
135.70 467.65 5.69 0.47 286.39 288.02 1.6 331.95 320.59 716.59 
233 
 
Fluid: Ethylene Glycol Tube: P2 Material: Brass Present Data 
∆ܶ
K
 ௦ܶ௔௧
K
 
௖ܷ
m/s
 
ܷ௩
m/s
 ௖ܶ௜௡
K
 ௖ܶ௢௨௧
K
 
∆ ௖ܶ
K
 ௪ܶ௢
K
 ௪ܶ௜
K
 
ݍ
kW/mଶ
 
Run No. 1 
98.94 467.30 1.82 0.47 286.8 291.57 4.70 368.36 358.4 657.92 
105.41 467.35 2.2 0.47 286.79 290.78 3.99 361.94 351.31 698.66 
111.15 467.35 2.73 0.47 286.74 290.18 3.44 356.20 345.1 722.03 
115.54 467.30 3.19 0.47 286.74 289.77 3.03 351.76 340.31 741.77 
119.05 467.33 3.64 0.47 286.79 289.5 2.71 348.27 336.49 759.83 
122.27 467.33 4.10 0.47 286.81 289.26 2.45 345.05 333.04 770.81 
125.05 467.33 4.55 0.47 286.79 289.02 2.23 342.27 330.08 779.73 
127.42 467.35 5.01 0.47 286.71 288.76 2.05 339.93 327.56 788.71 
129.39 467.30 5.46 0.47 286.69 288.58 1.89 337.91 325.38 796.54 
Run No. 2 
103.21 467.38 2.0 0.47 287.94 292.1 4.25 364.1 354.02 668.53 
108.71 467.48 2.50 0.47 287.9 291.58 3.66 358.76 347.99 704.93 
112.83 467.50 2.96 0.47 287.89 291.13 3.24 354.67 343.35 736.56 
116.50 467.48 3.41 0.47 287.84 290.73 2.89 350.98 339.25 758.65 
120.0 467.48 3.87 0.47 287.7 290.38 2.59 347.46 335.48 771.13 
122.87 467.50 4.33 0.47 287.7 290.15 2.35 344.63 332.42 783.29 
125.50 467.50 4.78 0.47 287.76 289.92 2.15 342.00 329.63 790.79 
127.60 467.50 5.24 0.47 287.74 289.7 1.96 339.90 327.34 800.0 
129.45 467.48 5.69 0.47 287.74 289.5 1.84 338.02 325.31 807.50 
Fluid: Ethylene Glycol Tube: Plain Material: Bronze Present Data 
∆ܶ
K
 ௦ܶ௔௧
K
 
௖ܷ
m/s
 ௩ܷ
m/s
 ௖ܶ௜௡
K
 ௖ܶ௢௨௧
K
 
∆ ௖ܶ
K
 ௪ܶ௢
K
 ௪ܶ௜
K
 
ݍ
kW/mଶ
 
Run No. 1 
151.80 466.85 2.0 0.47 286.89 288.65 1.76 315.0 308.70 299.7 
154.28 466.97 2.50 0.47 286.89 288.37 1.48 312.69 306.13 307.72 
155.99 467.0 2.96 0.47 286.8 288.15 1.29 311.00 304.24 315.39 
157.35 467.0 3.41 0.47 286.8 288.00 1.14 309.65 302.73 319.20 
158.72 466.97 3.87 0.47 286.8 287.87 1.00 308.25 301.30 319.72 
159.99 466.97 4.32 0.47 286.84 287.73 0.89 306.98 300.0 318.45 
161.11 466.97 4.78 0.47 286.84 287.64 0.81 305.85 298.96 315.89 
161.86 467.02 5.24 0.47 286.84 287.58 0.75 305.16 298.21 317.92 
162.38 467.0 5.69 0.47 286.81 287.5 0.68 304.61 297.57 320.88 
Run No. 2 
149.45 466.73 1.82 0.47 287.04 289.03 1.99 317.27 310.93 298.96 
152.90 466.80 2.2 0.47 286.94 288.55 1.61 313.89 307.41 305.8 
154.79 466.87 2.73 0.47 286.99 288.38 1.39 312.08 305.36 315.25 
156.55 466.85 3.19 0.47 286.94 288.14 1.20 310.29 303.47 316.73 
157.96 466.85 3.64 0.47 286.94 288.00 1.06 308.88 301.97 318.13 
159.14 466.80 4.10 0.47 286.99 287.93 0.94 307.65 300.7 318.40 
160.28 466.82 4.55 0.47 286.9 287.76 0.85 306.53 299.59 318.38 
161.11 466.80 5.01 0.47 286.89 287.66 0.77 305.68 298.70 319.37 
161.98 466.85 5.46 0.47 286.96 287.67 0.70 304.86 297.92 317.16 
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Fluid: Ethylene Glycol Tube: P1 Material: Bronze Present Data 
∆ܶ
K
 ௦ܶ௔௧
K
 
௖ܷ
m/s
 
ܷ௩
m/s
 ௖ܶ௜௡
K
 ௖ܶ௢௨௧
K
 
∆ ௖ܶ
K
 ௪ܶ௢
K
 ௪ܶ௜
K
 
ݍ
kW/mଶ
 
Run No. 1 
124.02 466.42 1.82 0.48 286.84 290.7 3.86 342.39 330.68 555.01 
128.78 466.52 2.2 0.48 286.74 289.95 3.21 337.74 325.43 572.07 
132.43 466.52 2.73 0.48 286.74 289.48 2.74 334.08 321.3 586.19 
134.32 466.52 3.19 0.48 286.76 289.22 2.45 332.1 318.87 600.79 
136.77 466.49 3.64 0.48 286.79 288.96 2.17 329.7 316.17 607.74 
138.71 466.54 4.10 0.48 286.76 288.72 1.95 327.83 314.03 616.18 
140.49 466.52 4.55 0.48 286.71 288.4 1.77 326.02 312.08 620.10 
141.8 466.49 5.01 0.48 286.66 288.29 1.62 324.65 310.09 626.45 
143.04 466.54 5.46 0.48 286.69 288.19 1.50 323.50 309.21 632.00 
Run No. 2 
128.33 466.54 2.0 0.47 286.31 289.71 3.40 338.21 326.50 569.65 
131.6 466.67 2.50 0.47 286.24 289.17 2.9 335.03 322.62 579.67 
134.65 466.70 2.96 0.47 286.16 288.7 2.54 332.04 319.19 599.47 
136.51 466.67 3.41 0.47 286.26 288.54 2.28 330.16 316.8 598.44 
138.65 466.65 3.87 0.47 286.21 288.25 2.03 327.99 314.42 606.28 
140.3 466.70 4.32 0.47 286.19 288.04 1.85 326.40 312.55 616.21 
141.85 466.67 4.78 0.47 286.21 287.90 1.68 324.81 310.82 620.48 
143.17 466.70 5.24 0.47 286.24 287.79 1.55 323.52 309.38 625.25 
144.06 466. 5.69 0.47 286.21 287.66 1.45 322.65 308.27 634.84 
Fluid: Ethylene Glycol Tube: P2 Material: Bronze Present Data 
∆ܶ
K
 ௦ܶ௔௧
K
 
௖ܷ
m/s
 ௩ܷ
m/s
 ௖ܶ௜௡
K
 ௖ܶ௢௨௧
K
 
∆ ௖ܶ
K
 ௪ܶ௢
K
 ௪ܶ௜
K
 
ݍ
kW/mଶ
 
Run No. 1 
111.36 466.70 1.82 0.47 286.01 288.65 1.76 315.0 308.70 299.7 
116.60 466.75 2.2 0.47 285.99 288.37 1.48 312.69 306.13 307.72 
121.18 466.75 2.73 0.47 286.06 288.15 1.29 311.00 304.24 315.39 
124.61 466.77 3.19 0.47 286.01 288.00 1.14 309.65 302.73 319.20 
127.29 466.77 3.64 0.47 285.99 287.87 1.00 308.25 301.30 319.72 
129.96 466.75 4.10 0.47 286.04 287.73 0.89 306.98 300.0 318.45 
131.91 466.77 4.55 0.47 285.99 287.64 0.81 305.85 298.96 315.89 
133.78 466.77 5.01 0.47 286.01 287.58 0.75 305.16 298.21 317.92 
135.38 466.75 5.46 0.47 285.99 287.51 0.68 304.61 297.57 320.88 
Run No. 2 
114.64 466.65 2.0 0.47 286.04 289.90 3.86 352.00 339.05 608.46 
119.13 466.67 2.50 0.47 286.16 289.47 3.30 347.53 333.86 636.17 
123.2 466.67 2.96 0.47 286.14 289.00 2.86 343.5 329.3 652.10 
126.03 466.78 3.41 0.47 286.04 288.59 2.55 340.69 326.05 670.73 
128.64 466.70 3.87 0.47 286.16 288.45 2.28 338.05 323.12 680.58 
131.13 466.67 4.33 0.47 286.04 288.10 2.06 335.54 320.40 686.12 
132.81 466.67 4.78 0.47 286.16 288.0 1.89 333.85 318.4 695.79 
134.54 466.67 5.24 0.47 286.06 287.80 1.74 332.13 316.52 701.88 
135.58 466.65 5.69 0.47 286.09 287.72 1.63 331.06 315.16 713.69 
235 
 
 
Fluid: R-113 Tube: Plain Material: Copper Briggs (2003) 
∆ܶ
K
 ௦ܶ௔௧
K
 
௖ܷ
m/s
 
ܷ௩
m/s
 ௖ܶ௜௡
K
 ௖ܶ௢௨௧
K
 
∆ ௖ܶ
K
 ௪ܶ௢
K
 ௪ܶ௜
K
 
ݍ
kW/mଶ
 
Run No. 1 
25.73 320.69 6.05 0.35 293.35 293.42 0.07 294.96 294.82 31.93 
25.4 320.74 4.57 0.35 293.42 293.51 0.09 295.34 295.21 30.91 
24.87 320.74 3.38 0.35 293.5 293.62 0.12 295.86 295.73 30.5 
21.59 320.19 1.14 0.36 293.55 293.87 0.32 298.6 298.48 28.33 
25.73 320.69 6.05 0.35 293.35 293.42 0.07 294.96 294.82 31.93 
Run No. 2 
25.33 320.46 6.03 0.35 293.52 293.59 0.07 295.13 294.99 31.91 
24.75 320.14 4.82 0.36 293.55 293.63 0.08 295.39 295.26 31.02 
24.23 319.96 3.88 0.36 293.6 293.7 0.1 295.73 295.6 30.52 
23.35 319.68 2.74 0.37 293.65 293.79 0.14 296.33 296.2 29.52 
21.29 319.35 1.37 0.37 293.7 293.97 0.27 298.06 297.94 28.22 
 
 
 
 
 
 
 
Fluid: R-113 Tube: P1 Material: Copper Briggs (2003) 
∆ܶ
K
 ௦ܶ௔௧
K
 
௖ܷ
m/s
 ௩ܷ
m/s
 ௖ܶ௜௡
K
 ௖ܶ௢௨௧
K
 
∆ ௖ܶ
K
 ௪ܶ௢
K
 ௪ܶ௜
K
 
ݍ
kW/mଶ
 
Run No. 1 
21.99 320.47 5.69 0.31 293.22 293.46 0.24 298.48 298.05 100.61 
21.36 320.47 4.57 0.31 293.05 293.33 0.28 299.12 298.69 98.64 
20.15 320.47 3.43 0.31 293.08 293.44 0.36 300.33 299.92 95.34 
18.25 320.47 2.31 0.31 293.1 293.61 0.51 302.23 301.84 89.16 
14.28 320.47 1.12 0.31 293.15 294.01 0.86 306.2 305.88 73.49 
Run No. 2 
15.26 320.5 1.37 0.31 293.2 293.96 0.76 305.24 304.89 79.26 
16.8 320.5 1.83 0.31 293.25 293.86 0.61 303.7 303.33 85.75 
18.99 320.5 2.74 0.31 293.25 293.69 0.44 301.51 301.11 92.03 
20.67 320.5 3.88 0.31 293.22 293.55 0.33 299.83 299.42 95.47 
21.63 320.5 5.02 0.31 293.22 293.48 0.26 298.87 298.44 98.61 
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Fluid: R-113 Tube: P2 Material: Copper Briggs (2003) 
∆ܶ
K
 ௦ܶ௔௧
K
 
௖ܷ
m/s
 
ܷ௩
m/s
 ௖ܶ௜௡
K
 ௖ܶ௢௨௧
K
 
∆ ௖ܶ
K
 ௪ܶ௢
K
 ௪ܶ௜
K
 
ݍ
kW/mଶ
 
Run No. 1 
19.66 320.57 5.48 0.3 293.85 294.16 0.31 300.9 300.33 133.01 
18.85 320.57 4.59 0.3 293.9 294.26 0.36 301.71 301.15 129.47 
17.41 320.57 3.4 0.31 293.94 294.42 0.48 303.16 302.63 122.39 
15.06 320.57 2.28 0.31 293.97 294.62 0.65 305.5 305.01 113.76 
Run No. 2 
14.25 320.57 2.06 0.31 294.02 294.73 0.71 306.33 305.84 112.24 
15.51 320.57 2.51 0.31 294.04 294.65 0.61 305.06 304.56 116.86 
16.55 320.57 2.97 0.31 294.02 294.55 0.53 304.02 303.5 120.21 
17.69 320.57 3.68 0.31 294.02 294.46 0.44 302.88 302.34 124.84 
18.2 320.57 4.11 0.31 294.02 294.43 0.41 302.38 301.82 127.84 
19.21 320.57 5.05 0.31 294.02 294.36 0.34 301.36 300.8 130.5 
19.7 320.57 5.73 0.31 294.02 294.32 0.3 300.88 300.3 133.77 
 
 
 
 
 
 
Fluid: R-113 Tube: P3 Material: Copper Briggs (2003) 
∆ܶ
K
 ௦ܶ௔௧
K
 
௖ܷ
m/s
 ௩ܷ
m/s
 ௖ܶ௜௡
K
 ௖ܶ௢௨௧
K
 
∆ ௖ܶ
K
 ௪ܶ௢
K
 ௪ܶ௜
K
 
ݍ
kW/mଶ
 
Run No. 1 
18.83 321.19 5.48 0.29 294.27 294.63 0.36 302.36 301.7 153.73 
18.01 321.19 4.57 0.29 294.29 294.72 0.43 303.19 302.55 147.87 
16.51 321.19 3.43 0.29 294.32 294.85 0.53 304.68 304.07 139.36 
14.13 321.19 2.28 0.29 294.37 295.09 0.72 307.07 306.52 126.25 
Run No. 2 
12.57 321.19 1.83 0.3 294.39 295.25 0.86 308.61 308.1 119.56 
13.4 321.19 2.06 0.3 294.44 295.22 0.78 307.79 307.26 122.7 
14.7 321.19 2.51 0.29 294.44 295.11 0.67 306.48 305.93 128.71 
15.75 321.19 2.97 0.29 294.44 295.03 0.59 305.43 304.86 133.09 
16.82 321.19 3.65 0.29 294.47 294.97 0.5 304.37 303.76 139.97 
17.42 321.19 4.11 0.29 294.47 294.92 0.45 303.77 303.15 143.36 
18.33 321.19 5.02 0.29 294.47 294.86 0.39 302.86 302.21 149.91 
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Fluid: R-113 Tube: P4 Material: Copper Briggs (2003) 
∆ܶ
K
 ௦ܶ௔௧
K
 
௖ܷ
m/s
 
ܷ௩
m/s
 ௖ܶ௜௡
K
 ௖ܶ௢௨௧
K
 
∆ ௖ܶ
K
 ௪ܶ௢
K
 ௪ܶ௜
K
 
ݍ
kW/mଶ
 
Run No. 1 
16.61 320.87 5.43 0.29 293.4 293.89 0.49 304.26 303.37 204.41 
15.8 320.87 4.57 0.29 293.42 293.98 0.56 305.07 304.23 193.16 
14.4 320.87 3.65 0.3 293.47 294.13 0.66 306.47 305.68 183.18 
13.13 320.87 2.97 0.3 293.5 294.26 0.76 307.74 307 172.16 
11.48 320.87 2.28 0.3 293.52 294.42 0.9 309.39 308.71 157.61 
Run No. 2 
10.83 320.89 2.06 0.29 293.52 294.49 0.97 310.06 309.4 151.72 
12.13 320.89 2.51 0.29 293.55 294.39 0.84 308.75 308.05 162.24 
13.7 320.89 3.24 0.29 293.55 294.26 0.71 307.18 306.42 176.02 
15.05 320.89 4.09 0.29 293.57 294.17 0.6 305.83 305.02 187.8 
16.04 320.89 4.8 0.29 293.57 294.1 0.53 304.84 304 193.99 
 
 
 
 
 
 
 
Fluid: R-113 Tube: P5 Material: Copper Briggs (2003) 
∆ܶ
K
 ௦ܶ௔௧
K
 
௖ܷ
m/s
 ௩ܷ
m/s
 ௖ܶ௜௡
K
 ௖ܶ௢௨௧
K
 
∆ ௖ܶ
K
 ௪ܶ௢
K
 ௪ܶ௜
K
 
ݍ
kW/mଶ
 
Run No. 1 
17.96 320.9 5.12 0.3 293.65 294.07 0.42 302.94 302.22 167.1 
17.55 320.9 4.59 0.3 293.55 294.01 0.46 303.35 302.65 162.66 
16.37 320.9 3.65 0.3 293.72 294.26 0.54 304.54 303.88 151.91 
15.16 320.9 2.97 0.3 293.75 294.38 0.63 305.74 305.12 144.49 
13.34 320.9 2.28 0.3 293.8 294.58 0.78 307.56 306.97 136.32 
Run No. 2 
12.65 320.89 2.06 0.3 293.8 294.64 0.84 308.24 307.67 132.17 
14.09 320.89 2.51 0.3 293.8 294.52 0.72 306.8 306.2 138.35 
15.47 320.89 3.2 0.3 293.8 294.4 0.6 305.42 304.78 148.05 
16.72 320.89 4.11 0.3 293.8 294.3 0.5 304.17 303.48 159.11 
17.95 320.89 5.34 0.3 293.75 294.16 0.41 302.94 302.2 170.75 
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Fluid: R-113 Tube: P6 Material: Copper Briggs (2003) 
∆ܶ
K
 ௦ܶ௔௧
K
 
௖ܷ
m/s
 
ܷ௩
m/s
 ௖ܶ௜௡
K
 ௖ܶ௢௨௧
K
 
∆ ௖ܶ
K
 ௪ܶ௢
K
 ௪ܶ௜
K
 
ݍ
kW/mଶ
 
Run No. 1 
15.61 320.76 5.32 0.3 293.75 294.27 0.52 305.15 304.23 212.53 
14.92 320.76 4.57 0.3 293.8 294.37 0.57 305.84 304.97 200.87 
13.42 320.76 3.63 0.3 293.85 294.53 0.68 307.34 306.51 190.25 
12.11 320.76 2.97 0.3 293.9 294.68 0.78 308.65 307.88 179.39 
10.34 320.76 2.28 0.3 293.92 294.86 0.94 310.42 309.7 164.89 
Run No. 2 
9.51 320.76 2.06 0.3 293.94 294.96 1.02 311.24 310.55 159.82 
10.93 320.76 2.51 0.3 293.92 294.81 0.89 309.82 309.08 170.74 
12.6 320.76 3.2 0.3 293.94 294.69 0.75 308.16 307.37 182.6 
14.13 320.76 4.11 0.3 293.92 294.54 0.62 306.63 305.78 196.52 
15.26 320.76 5.02 0.3 293.92 294.46 0.54 305.5 304.6 207.23 
 
 
 
 
 
 
 
 
 
Fluid: Steam Tube: Plain Material: Copper Briggs (2003) 
∆ܶ
K
 ௦ܶ௔௧
K
 
௖ܷ
m/s
 ௩ܷ
m/s
 ௖ܶ௜௡
K
 ௖ܶ௢௨௧
K
 
∆ ௖ܶ
K
 ௪ܶ௢
K
 ௪ܶ௜
K
 
ݍ
kW/mଶ
 
Run No. 1 
41.19 372.87 2.28 0.75 286.57 289.15 2.58 331.68 329.71 452.14 
44.04 372.87 2.74 0.75 286.44 288.69 2.25 328.83 326.78 472 
46.29 372.87 3.19 0.75 286.32 288.32 2 326.58 324.44 490.82 
48.26 372.87 3.65 0.75 286.27 288.07 1.8 324.61 322.4 506.34 
50.25 372.87 4.11 0.75 286.22 287.85 1.63 322.62 320.37 515.96 
51.63 372.87 4.56 0.75 286.19 287.7 1.51 321.25 318.94 530.09 
52.91 372.87 5.02 0.75 286.24 287.65 1.41 319.96 317.61 541.15 
54.04 372.87 5.47 0.75 286.17 287.48 1.31 318.83 316.43 552.95 
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Fluid: Steam Tube: P1 Material: Copper Briggs (2003) 
∆ܶ
K
 ௦ܶ௔௧
K
 
௖ܷ
m/s
 
ܷ௩
m/s
 ௖ܶ௜௡
K
 ௖ܶ௢௨௧
K
 
∆ ௖ܶ
K
 ௪ܶ௢
K
 ௪ܶ௜
K
 
ݍ
kW/mଶ
 
Run No. 1 
17.57 372.98 2.29 0.76 296.15 299.95 3.8 355.4 352.5 662.72 
20.97 372.98 2.97 0.76 296.2 299.42 3.22 352 348.8 731.51 
22.81 372.98 3.45 0.76 296.23 299.17 2.94 350.16 346.77 775.47 
24.39 372.98 3.89 0.76 296.25 298.98 2.73 348.59 345.05 809.95 
26.41 372.98 4.34 0.76 296.25 298.76 2.51 346.56 342.92 833.76 
28.02 372.98 4.8 0.76 296.27 298.62 2.35 344.95 341.2 858.65 
30.23 372.98 5.44 0.76 296.3 298.43 2.13 342.74 338.87 885.61 
Run No. 2 
18.89 372.98 2.52 0.76 297.19 300.72 3.53 354.09 351.12 678.7 
22.1 372.98 3.2 0.76 297.24 300.27 3.03 350.89 347.64 741.3 
23.68 372.98 3.66 0.76 297.29 300.08 2.79 349.3 345.89 781.01 
25.42 372.98 4.12 0.76 297.31 299.9 2.59 347.57 344.02 811.82 
26.98 372.98 4.57 0.76 297.34 299.74 2.4 346.01 342.34 839.69 
28.87 372.98 5.03 0.76 297.34 299.57 2.23 344.11 340.37 855.92 
29.94 372.98 5.46 0.76 297.36 299.47 2.11 343.05 339.2 880.86 
 
 
 
Fluid: Steam Tube: P2 Material: Copper Briggs (2003) 
∆ܶ
K
 ௦ܶ௔௧
K
 
௖ܷ
m/s
 ௩ܷ
m/s
 ௖ܶ௜௡
K
 ௖ܶ௢௨௧
K
 
∆ ௖ܶ
K
 ௪ܶ௢
K
 ௪ܶ௜
K
 
ݍ
kW/mଶ
 
Run No. 1 
16.16 372.84 2.38 0.75 295.58 299.52 3.94 356.68 353.44 687.74 
19.22 372.84 3.1 0.75 295.63 299 3.37 353.62 350.02 765.09 
20.98 372.84 3.57 0.75 295.66 298.75 3.09 351.86 348.05 809.72 
23.32 372.84 4.08 0.75 295.68 298.49 2.81 349.52 345.56 840.33 
24.94 372.84 4.53 0.75 295.71 298.33 2.62 347.9 343.81 869.58 
26.51 372.84 5 0.75 295.71 298.15 2.44 346.33 342.11 897.32 
28.42 372.84 5.74 0.75 295.71 297.94 2.23 344.42 339.99 940.87 
Run No. 2 
15.96 372.88 2.6 0.75 296.05 299.86 3.81 356.92 353.5 725.11 
19.09 372.88 3.34 0.75 296.2 299.47 3.27 353.78 350.02 799.54 
21.43 372.88 3.81 0.75 296.25 299.23 2.98 351.45 347.53 831.65 
23.2 372.88 4.29 0.75 296.32 299.07 2.75 349.68 345.6 864.78 
24.98 372.88 4.77 0.75 296.37 298.93 2.56 347.9 343.7 891.55 
26.4 372.88 5.24 0.75 296.4 298.79 2.39 346.47 342.15 919.52 
27.84 372.88 5.72 0.75 296.42 298.67 2.25 345.04 340.61 942.39 
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Fluid: Steam Tube: P3 Material: Copper Briggs (2003) 
∆ܶ
K
 ௦ܶ௔௧
K
 
௖ܷ
m/s
 
ܷ௩
m/s
 ௖ܶ௜௡
K
 ௖ܶ௢௨௧
K
 
∆ ௖ܶ
K
 ௪ܶ௢
K
 ௪ܶ௜
K
 
ݍ
kW/mଶ
 
Run No. 1 
19.6 373.17 2.29 0.75 295.43 299.13 3.7 353.57 350.74 645.23 
22.1 373.17 2.74 0.75 295.56 298.84 3.28 351.07 348.06 687.92 
24.18 373.17 3.2 0.75 295.58 298.55 2.97 349 345.81 727.15 
26.51 373.17 3.66 0.75 295.58 298.28 2.7 346.67 343.37 754.4 
28.07 373.17 4.11 0.75 295.63 298.13 2.5 345.11 341.67 786.36 
29.76 373.17 4.57 0.75 295.66 297.98 2.32 343.41 339.87 810.41 
32.35 373.17 5.3 0.75 295.66 297.73 2.07 340.83 337.16 840.48 
Run No. 2 
19.35 373.17 2.29 0.75 296.25 299.93 3.68 353.82 351 642.84 
23.13 373.17 2.97 0.75 296.3 299.4 3.1 350.04 346.96 702.87 
24.91 373.17 3.43 0.75 296.32 299.16 2.84 348.26 345.01 741.84 
26.84 373.17 3.89 0.75 296.37 298.97 2.6 346.33 342.96 771 
28.68 373.17 4.34 0.75 296.4 298.79 2.39 344.48 341.01 795.12 
30.31 373.17 4.8 0.75 296.45 298.67 2.22 342.85 339.28 816.81 
31.79 373.17 5.3 0.75 296.45 298.52 2.07 341.37 337.7 841.63 
 
 
 
Fluid: Steam Tube: P4 Material: Copper Briggs (2003) 
∆ܶ
K
 ௦ܶ௔௧
K
 
௖ܷ
m/s
 ௩ܷ
m/s
 ௖ܶ௜௡
K
 ௖ܶ௢௨௧
K
 
∆ ௖ܶ
K
 ௪ܶ௢
K
 ௪ܶ௜
K
 
ݍ
kW/mଶ
 
Run No. 1 
16.56 372.61 2.28 0.76 285.29 289.46 4.17 356.05 352.85 730.13 
19.77 372.61 2.74 0.76 284.31 288.02 3.71 352.84 349.42 780.54 
22.47 372.61 3.19 0.76 285.14 288.47 3.33 350.13 346.56 817.08 
24.61 372.61 3.69 0.76 284.51 287.57 3.06 348 344.2 867.57 
26.42 372.61 4.1 0.76 284.99 287.83 2.84 346.19 342.28 895.43 
28.46 372.61 4.54 0.76 285.11 287.75 2.64 344.14 340.13 918.95 
30.44 372.61 4.99 0.76 285.09 287.54 2.45 342.16 338.05 941.84 
Run No. 2 
15.6 373.2 2.4 0.75 294.29 298.23 3.94 357.59 354.42 722.34 
18.51 373.2 2.76 0.75 294.37 297.91 3.54 354.69 351.41 749 
21.01 373.2 3.2 0.75 294.02 297.24 3.22 352.19 348.74 786.68 
22.9 373.2 3.66 0.75 294.07 297.02 2.95 350.29 346.68 825.7 
24.95 373.2 4.11 0.75 294.12 296.84 2.72 348.24 344.5 854.81 
26.61 373.2 4.57 0.75 294.12 296.65 2.53 346.59 342.72 884.66 
28.04 373.2 5.03 0.75 294.17 296.54 2.37 345.16 341.17 912.67 
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Fluid: Steam Tube: P5 Material: Copper Briggs (2003) 
∆ܶ
K
 ௦ܶ௔௧
K
 
௖ܷ
m/s
 
ܷ௩
m/s
 ௖ܶ௜௡
K
 ௖ܶ௢௨௧
K
 
∆ ௖ܶ
K
 ௪ܶ௢
K
 ௪ܶ௜
K
 
ݍ
kW/mଶ
 
Run No. 1 
18.55 373.37 2.29 0.73 295.36 299.14 3.78 354.82 351.92 660.8 
21.06 373.37 2.74 0.73 295.41 298.77 3.36 352.31 349.22 705.63 
22.33 373.37 3.18 0.73 295.43 298.54 3.11 351.04 347.73 755.09 
24.63 373.37 3.63 0.73 295.46 298.29 2.83 348.74 345.3 785.5 
26.65 373.37 4.11 0.73 295.51 298.1 2.59 346.71 343.15 815.22 
28.6 373.37 4.57 0.73 295.56 297.95 2.39 344.77 341.12 836.4 
30.73 373.37 5.23 0.73 295.56 297.73 2.17 342.63 338.83 870.49 
Run No. 2 
20.76 373.35 2.51 0.73 295.61 299.1 3.49 352.59 349.65 670.56 
22.65 373.35 2.97 0.73 295.71 298.86 3.15 350.69 347.56 716.84 
24.46 373.35 3.43 0.73 295.75 298.64 2.89 348.89 345.58 756.6 
26.29 373.35 3.91 0.73 295.8 298.45 2.65 347.05 343.59 791.54 
28.06 373.35 4.34 0.73 295.83 298.29 2.46 345.28 341.72 815.37 
29.33 373.35 4.8 0.73 295.95 298.26 2.31 344.02 340.33 844.5 
30.84 373.35 5.26 0.73 296.03 298.18 2.15 342.51 338.73 864.74 
 
 
 
Fluid: Steam Tube: P6 Material: Copper Briggs (2003) 
∆ܶ
K
 ௦ܶ௔௧
K
 
௖ܷ
m/s
 ௩ܷ
m/s
 ௖ܶ௜௡
K
 ௖ܶ௢௨௧
K
 
∆ ௖ܶ
K
 ௪ܶ௢
K
 ௪ܶ௜
K
 
ݍ
kW/mଶ
 
Run No. 1 
17.54 373.67 2.29 0.74 294.71 298.61 3.9 356.13 353.15 680.74 
20.07 373.67 2.74 0.74 294.81 298.28 3.47 353.61 350.42 727.39 
22.53 373.67 3.2 0.74 294.86 297.99 3.13 351.14 347.8 764.68 
24.28 373.67 3.66 0.74 294.91 297.79 2.88 349.4 345.88 804.08 
26.71 373.67 4.11 0.74 294.94 297.56 2.62 346.97 343.36 825.14 
28.27 373.67 4.55 0.74 294.94 297.39 2.45 345.41 341.68 851.85 
31.36 373.67 5.44 0.74 294.96 297.11 2.15 342.31 338.41 893.31 
Run No. 2 
18.91 373.13 2.51 0.74 296.4 299.97 3.57 354.22 351.22 685.99 
21.33 373.13 2.97 0.74 296.35 299.55 3.2 351.8 348.61 727.45 
22.05 373.13 3.2 0.74 296.42 299.5 3.08 351.08 347.8 751.1 
24.3 373.13 3.66 0.74 296.45 299.24 2.79 348.83 345.41 781.14 
26.01 373.13 4.11 0.74 296.47 299.06 2.59 347.12 343.57 812.67 
27.36 373.13 4.57 0.74 296.47 298.89 2.42 345.77 342.08 844.9 
29.08 373.13 5.05 0.74 296.5 298.74 2.24 344.05 340.26 867.31 
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Fluid: Steam Tube: P7 Material: Copper Baiser & Briggs (2009) 
∆ܶ
K
 ௦ܶ௔௧
K
 
௖ܷ
m/s
 
ܷ௩
m/s
 ௖ܶ௜௡
K
 ௖ܶ௢௨௧
K
 
∆ ௖ܶ
K
 ௪ܶ௢
K
 ௪ܶ௜
K
 
ݍ
kW/mଶ
 
Run No. 1 
10.35 372.97 2.33 0.73 282.37 286.99 357.89 362.62 4.73 793.64 
17.77 372.97 3.11 0.73 282.32 286.15 349.94 355.20 5.25 881.89 
22.35 372.97 3.85 0.73 282.27 285.62 344.91 350.62 5.71 957.78 
26.06 372.97 4.42 0.73 282.25 285.27 340.98 346.90 5.93 994.39 
23.37 372.97 4.04 0.73 282.27 285.52 343.78 349.59 5.81 975.24 
19.73 372.97 3.56 0.73 282.22 285.80 347.60 353.23 5.63 944.85 
18.78 372.97 3.33 0.73 282.22 285.92 348.75 354.19 5.43 911.95 
14.60 372.97 2.83 0.73 282.27 286.40 353.23 358.37 5.14 862.22 
Run No. 2 
11.15 373.09 2.47 0.72 279.95 284.48 357.01 361.93 4.93 826.72 
12.30 373.09 2.71 0.72 279.85 284.20 355.60 360.79 5.19 871.28 
15.03 373.09 2.97 0.72 279.88 283.95 352.72 358.06 5.34 896.99 
16.22 373.09 3.21 0.72 279.70 283.63 351.31 356.87 5.56 933.39 
17.87 373.09 3.42 0.72 279.67 283.44 349.53 355.22 5.69 955.06 
19.93 373.09 3.68 0.72 279.67 283.25 347.34 353.16 5.82 976.79 
21.45 373.09 3.94 0.72 279.62 283.04 345.66 351.64 5.98 1003.03 
22.94 373.09 4.16 0.72 279.52 282.81 344.08 350.14 6.07 1018.25 
23.92 373.09 4.42 0.72 279.42 282.60 342.92 349.17 6.24 1047.98 
Fluid: Steam Tube: P8 Material: Copper Baiser & Briggs (2009) 
∆ܶ
K
 ௦ܶ௔௧
K
 
௖ܷ
m/s
 ௩ܷ
m/s
 ௖ܶ௜௡
K
 ௖ܶ௢௨௧
K
 
∆ ௖ܶ
K
 ௪ܶ௢
K
 ௪ܶ௜
K
 
ݍ
kW/mଶ
 
Run No. 1 
10.05 373.06 2.40 0.73 278.54 283.17 358.11 363.02 4.91 775.00 
26.85 373.06 4.51 0.73 278.69 281.71 340.15 346.22 6.06 1017.41 
25.55 373.06 4.28 0.73 278.69 281.82 341.56 347.52 5.96 999.66 
24.07 373.06 4.04 0.73 278.66 281.93 343.14 349.00 5.85 982.48 
12.92 373.06 2.61 0.73 278.64 282.99 355.12 360.15 5.02 827.00 
15.23 373.06 2.88 0.73 278.59 282.70 352.61 357.83 5.22 855.00 
17.69 373.06 3.09 0.73 278.56 282.45 350.07 355.38 5.31 890.97 
19.33 373.06 3.33 0.73 278.56 282.28 348.26 353.73 5.47 918.09 
20.82 373.06 3.54 0.73 278.51 282.08 346.65 352.25 5.60 939.70 
Run No. 2 
13.03 373.14 2.47 0.73 282.62 287.01 355.35 360.11 4.76 799.52 
14.82 373.14 2.71 0.73 282.67 286.84 353.35 358.32 4.97 833.39 
16.69 373.14 2.97 0.73 282.67 286.62 351.28 356.45 5.17 867.26 
18.60 373.14 3.18 0.73 282.67 286.44 349.26 354.54 5.28 886.25 
20.02 373.14 3.40 0.73 282.67 286.29 347.70 353.12 5.42 908.80 
21.81 373.14 3.71 0.73 282.70 286.12 345.72 351.33 5.61 940.76 
23.13 373.14 3.92 0.73 282.67 285.97 344.30 350.01 5.71 958.89 
24.64 373.14 4.16 0.73 282.67 285.83 342.69 348.50 5.81 975.55 
25.84 373.14 4.42 0.73 282.70 285.74 341.35 347.30 5.95 998.47 
26.89 373.14 4.63 0.73 282.67 285.61 340.20 346.24 6.04 1014.31 
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Fluid: Steam Tube: P10 Material: Copper Baiser & Briggs (2009) 
∆ܶ
K
 ௦ܶ௔௧
K
 
௖ܷ
m/s
 ௩ܷ
m/s
 ௖ܶ௜௡
K
 ௖ܶ௢௨௧
K
 
∆ ௖ܶ
K
 ௪ܶ௢
K
 ௪ܶ௜
K
 
ݍ
kW/mଶ
 
Run No. 1 
22.62 372.17 4.73 0.73 286.54 289.56 343.21 349.54 6.33 1062.80 
21.32 372.17 4.49 0.73 286.49 289.63 344.60 350.84 6.25 1048.20 
20.02 372.17 4.28 0.73 286.44 289.70 345.97 352.14 6.17 1035.25 
18.84 372.17 4.04 0.73 286.49 289.88 347.29 353.33 6.04 1013.20 
17.18 372.17 3.80 0.73 286.52 290.03 348.56 354.45 5.89 987.71 
15.77 372.17 3.56 0.73 286.57 290.22 350.02 355.75 5.74 962.48 
14.27 372.17 3.30 0.73 286.62 290.42 351.47 357.01 5.53 928.73 
13.15 372.17 3.07 0.73 286.67 290.63 352.92 358.26 5.34 913.00 
Run No. 2 
13.52 371.97 3.21 0.76 284.54 288.53 353.37 359.01 5.64 947.12 
11.48 371.97 2.97 0.76 284.51 288.68 355.04 360.49 5.45 898.00 
9.80 371.97 2.73 0.76 284.51 288.88 356.92 362.17 5.26 864.00 
7.59 371.97 2.50 0.76 284.51 289.13 359.31 364.38 5.07 821.00 
14.67 371.97 3.45 0.76 284.51 288.32 351.51 357.31 5.79 960.00 
15.78 371.97 3.66 0.76 284.54 288.22 350.24 356.19 5.95 983.00 
17.28 371.97 3.92 0.76 284.54 288.06 348.58 354.69 6.11 1011.00 
18.63 371.97 4.13 0.76 284.54 287.93 347.13 353.34 6.21 1023.00 
19.98 371.97 4.40 0.76 284.59 287.85 345.65 351.99 6.35 1042.00 
Fluid: Steam Tube: P11 Material: Copper Baiser & Briggs (2009) 
∆ܶ
K
 ௦ܶ௔௧
K
 
௖ܷ
m/s
 ௩ܷ
m/s
 ௖ܶ௜௡
K
 ௖ܶ௢௨௧
K
 
∆ ௖ܶ
K
 ௪ܶ௢
K
 ௪ܶ௜
K
 
ݍ
kW/mଶ
 
Run No. 1 
23.53 372.87 4.78 0.73 280.23 283.33 342.74 349.33 6.60 1106.89 
22.18 372.87 4.51 0.73 280.25 283.48 344.21 350.69 6.47 1086.45 
20.94 372.87 4.28 0.73 280.20 283.55 345.57 351.92 6.35 1065.84 
19.30 372.87 4.02 0.73 280.20 283.70 347.34 353.56 6.22 1044.63 
18.09 372.87 3.80 0.73 280.15 283.78 348.68 354.78 6.10 1022.91 
16.25 372.87 3.56 0.73 280.15 283.95 350.64 356.62 5.98 1003.22 
14.44 372.87 3.33 0.73 280.10 284.08 352.59 358.43 5.84 979.57 
13.57 372.87 3.09 0.73 280.08 284.18 353.70 359.29 5.60 939.39 
10.71 372.87 2.85 0.73 280.05 284.42 356.66 362.15 5.49 922.07 
Run No. 2 
23.69 373.01 4.87 0.72 279.62 282.72 342.62 349.33 6.71 1125.66 
21.97 373.01 4.63 0.72 279.55 282.78 344.39 351.04 6.65 1116.50 
20.60 373.01 4.37 0.72 279.52 282.88 345.89 352.41 6.52 1094.15 
19.28 373.01 4.16 0.72 279.47 282.95 347.31 353.73 6.42 1077.00 
17.98 373.01 3.92 0.72 279.45 283.06 348.76 355.03 6.27 1052.62 
16.21 373.01 3.68 0.72 279.47 283.25 350.65 356.80 6.15 1032.50 
14.50 373.01 3.42 0.72 279.45 283.40 352.53 358.51 5.98 1003.06 
13.24 373.01 3.18 0.72 279.45 283.55 354.00 359.78 5.77 968.83 
11.48 373.01 2.97 0.72 279.45 283.74 355.91 361.53 5.62 943.40 
9.01 373.01 2.73 0.72 279.42 283.96 358.53 364.00 5.47 917.59 
244 
 
Fluid: Steam Tube: P12 Material: Copper Baiser & Briggs (2009) 
∆ܶ
K
 ௦ܶ௔௧
K
 
௖ܷ
m/s
 ௩ܷ
m/s
 ௖ܶ௜௡
K
 ௖ܶ௢௨௧
K
 
∆ ௖ܶ
K
 ௪ܶ௢
K
 ௪ܶ௜
K
 
ݍ
kW/mଶ
 
Run No. 1 
25.29 372.55 4.73 0.73 279.83 282.84 340.91 347.26 6.34 1064.22 
23.93 372.55 4.51 0.73 279.77 282.90 342.34 348.62 6.27 1053.06 
22.79 372.55 4.28 0.73 279.72 282.96 343.61 349.76 6.15 1031.86 
20.84 372.55 4.04 0.73 279.12 282.52 345.61 351.71 6.10 1023.66 
19.87 372.55 3.80 0.73 279.04 282.56 346.76 352.68 5.93 994.66 
18.45 372.55 3.56 0.73 279.12 282.78 348.33 354.10 5.78 969.42 
16.51 372.55 3.33 0.73 279.12 282.96 350.38 356.04 5.65 948.63 
14.94 372.55 3.09 0.73 279.07 283.08 352.13 357.61 5.48 919.36 
Run No. 2 
25.15 372.48 4.63 0.73 280.18 283.21 341.08 347.33 6.25 1048.16 
23.64 372.48 4.40 0.73 280.05 283.21 342.67 348.84 6.17 1035.42 
21.83 372.48 4.13 0.73 280.05 283.37 344.57 350.65 6.08 1019.87 
20.36 372.48 3.94 0.73 280.05 283.49 346.10 352.12 6.01 1008.82 
18.64 372.48 3.68 0.73 280.10 283.71 347.97 353.84 5.87 985.57 
17.10 372.48 3.45 0.73 280.08 283.84 349.66 355.38 5.73 960.98 
15.76 372.48 3.21 0.73 280.00 283.92 351.18 356.72 5.54 930.49 
14.17 372.48 2.95 0.73 280.00 284.10 352.97 358.30 5.33 894.52 
12.14 372.48 2.73 0.73 279.98 284.29 355.15 360.34 5.19 871.13 
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